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At present many remote and Island communities rely solely on diesel powered 
generators to provide electricity. Diesel fuel is both expensive and polluting and the 
constant speed operation of the diesel engine is inefficient. In this thesis the use of 
renewable energy sources to help offset diesel fuel usage and an alternative way of 
running the diesel generator with the aim of reducing electrical energy costs is 
investigated.  
 
Diesel generators have to be sized to meet peak demand, in one or two diesel 
generator island grids, these generators will be running at a fraction of maximum 
output for most of the time. A new variable speed diesel generator allows for a 
reduction in fuel consumption at part load compared to constant speed operation. 
Combining the variable speed diesel generator with renewable generation should 
maximise the diesel fuel offsetting of the renewable source due to the increased 
efficiency at low loads. 
 
The stability issues of maintaining transient performance in a renewable variable 
speed hybrid system have been modelled and simulated. A control strategy has been 
developed and the use of energy storage as a buffer for any remaining stability 
problems has been explored. The control strategy has then been experimentally 
tested along with one of the possible energy storage solutions.  
 
An economic feasibility study has been performed on a case study community to 
validate the main aim of this research of reducing the cost of electrical energy in 
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1 Introduction 
 
Across the globe, there are thousands of communities that either have no electrical 
supply or rely on diesel generators, because connection to a larger grid is either 
uneconomical or impractical.  
 
Areas that typically operate stand-alone grids are generally: remote or inaccessible 
regions, usually in harsh environments where there are few inhabitants (i.e. 
communications outpost); islands that are too small to have their own conventional 
power plants and are too far away from the mainland; and developing countries 
where many communities are rural. 
 
Although conventional diesel generators are cheap to acquire, lifetime diesel fuel 
costs are high, resulting in a kWh price three or more times greater than that of the 
mainland (Muck Island 0.35Eur/kWh, Mainland 0.1Eur/kWh [1]).  
 
The ever growing demand for diesel from all around the world indicates that the 
price of diesel is likely to increase further. Increases in fuel prices have a double 
impact on remote areas requiring fuel for their diesel generators, since the fuel 
transportation costs are also likely to increase. 
 
To offset the cost of diesel produced electricity, renewable generation has been 
integrated into some of these systems to create hybrid power systems. The locations 
where off-grid power is needed often have good renewable resources. Islands nearby 
have wave and tidal energy. Solar energy is available everywhere, but developing 
nations close to the equator naturally have better resources. Hydro energy can be 
found in some regions, but these are more site specific.  
 
The majority of hybrid power systems are found on islands, consisting of wind and 
diesel generators. Wind turbines are currently a popular choice, because they are the 
most mature and economic form of renewable generation and islands often have a 
good wind resource.  
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Integrating intermittent renewable generation into large mainland grids can cause 
stability problems and these problems are only amplified in the small diesel 
generator grids where the proportion of renewable generation is normally higher. 
Depending on the level of renewable penetration in the hybrid system, energy storage 
or controlled loads may need to be installed. 
 
Diesel generators work most efficiently at full load (η=32% [2]), but community 
loads vary throughout the day.  Diesel generators are sized for peak load demand, 
which only occurs a few times a year, hence the diesel gensets operate 
uneconomically. The introduction of renewable generation will only add to this 
problem through reducing the load seen by the diesel generator. This will further 
decrease the average efficiency (11% @ 20% nominal load [2]) since the fully sized 
generator will still be needed for when no renewable generation is available. A large 
proportion of the losses at part load are associated with the constant speed operation 
of the diesel engines. Diesel generators are run at constant speed so that they produce 
constant frequency (50 or 60Hz) for the grid. A new type of diesel generator that 
operates at variable speed is more efficient at part load. It is able to run at variable 
speed by using power electronic converters to change the VVVF (Variable Voltage 
Variable Frequency) produced by the generator to the constant voltage and frequency 
of the grid. While variable speed generators reduce fuel use, it has been shown in this 
work that the stability under heavy load transients is reduced, compared with 
constant speed diesel generator operation. 
 
There are also a number of new energy storage devices on the horizon which may go 
some way to levelling the load transients seen by the variable speed generator thus 
improving its stability. These load levelling devices could help facilitate the 
integration of renewable sources in a hybrid power system, which will help increase 
fuel saving potential by offsetting power produced by the diesel generator and 
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1.1 Aim of Thesis  
 
The aim of this thesis is to investigate the operation and economics of a hybrid power 
system deploying Variable Speed Diesel Generator (VSDG) and renewable sources.  
Objectives include: 
 To assess the feasibility of such a system 
 To create a control scheme for the system 
 To experimentally verify the system and its control 
 To overcome any operational difficulties of a VSDG in a hybrid system 
 To optimise the hybrid system economically 
 To create a simple set of design calculations for the Supercapacitor system 
sizing 
 
1.2 Thesis Outline 
 
 
Chapter 2 will explain the diesel generator and its use in the generation of electricity. 
The advantages and disadvantages of the different modes of operation, constant and 
variable speed, are outlined. A literature review of previous work on variable speed 
gensets is also included. 
 
Chapter 3 looks at the use of hybrid power systems in supplying off grid 
communities. The different components that make up a hybrid system are introduced 
and a literature review of different hybrid system solutions is presented. Finally, a 
case study community hybrid power system is presented to be used later for 
comparison. 
 
In Chapter 4 the feasibility of variable speed operation of the diesel generator is 
critically assessed both on its own and in a hybrid system. The first feasibility model 
calculates the potential fuel savings over a typical year’s operation. An economic 
model, HOMER (Hybrid Optimisation Model for Electric Renewables), is then used 
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to calculate expected system lifetime cost under various sensitivities and hybrid 
system topologies. 
 
In Chapter 5 a model of the proposed fully integrated variable speed hybrid system is 
developed and simulated under three different time ranges: sub-transient, power 
system dynamics and power balance. 
 
To validate the proposed hybrid system and its control strategy, experimental work 
was done using low power electromechanical test rigs, which is described in Chapter 
6. 
 
In Chapter 7 preliminary results of experimental work using a commercial VSIG 
from Cummins Generators technology has been detailed. Using actual equipment 
removes any modelling uncertainty or limitation in the simulated components.  
 
The final chapter summarises the work done in this thesis and presents the 
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2 Diesel Gensets 
 
Fixed speed diesel generators also known as “diesel gensets” have been in operation 
supplying electrical power for over a century. This chapter will describe the market 
for diesel gensets, a typical system and its advantages and disadvantages. The 
method of operating the diesel genset at variable speed will be explained and 
compared with the standard constant speed case. The conditions where the Variable 





Across the globe, diesel engines are used to create electricity in their hundreds of 
thousand, ranging in size from kW to MW systems [5]. One of the main uses for 
diesel generators is supplying base-load for a stand-alone grid, where connection to a 
national grid is either uneconomical or impractical. As well as providing base load, 
diesel gensets are also used for load management, emergency power, ancillary 
services, micro-grids and combined heat & power (CHP).   
 
Areas that typically operate stand-alone grids are generally: remote or inaccessible 
regions usually in harsh environments where there are few inhabitants (i.e. 
communications outpost etc); islands that are too small to have their own 
conventional power plants and are too far away from the mainland; and developing 
countries where many communities are rural. 
 
The world market for Distributed Generation (DG) is vast, the estimate for England 
and Wales in 2008 was 12GW [3]. There are large areas of the world where DG is 
considered preferential. Arctic regions are thought to be the largest and Canadian 
territories alone import 400 million litres of diesel each year [4]. Taking Alaska as a 
prime example of an Arctic region, it has 175 villages off the main grid. Almost all 
are supplied by electricity produced from diesel generators. In 1988, the installed 
capacity in Alaska was 259MW growing 10% annually [5].  In 1997, $162 million of 
Chapter 2  Diesel Genset 
 6   
   
revenue was collected in Alaska from municipal utilities in the 151-300kW-power 
system range.  
 
Although conventional diesel generators are cheap to buy, the diesel fuel lifetime 
running costs are expensive, resulting in kWh prices three or more times greater than 
mainland rates, e.g. Muck Island 0.35Eur/kWh, Mainland 0.1Eur/kWh [1]. The 
current trend of ever increasing fuel and energy prices will only exacerbate this.  
 
Most communities using diesel gensets need government help with subsidies and 
interest free loans to help towards the stock buying of large quantities of diesel fuel, 
so that electricity can be brought down to a reasonable price. This shows that there is 
a definite need to reduce the basic cost of electricity production for diesel based 
grids.  
 
A new design in the field of diesel generators promises to help reduce fuel use for the 
majority of cases and lower overall lifetime costs. Variable speed diesel generators 
promise better fuel economy at part load, which is where most diesel generators 
spend the majority of their life. These generators are not fully proven in the field of 
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2.2 Set-up for a Diesel System 
 
The typical set-up for a diesel generator system is displayed below in Figure 2.1. The 











Figure 2.1– Diesel Generator System 
 
The reciprocating internal combustion diesel engine operates on a four-stroke cycle 
(intake, compression, combustion and exhaust). The crankshaft of the diesel engine 
is connected to the rotor shaft of the synchronous generator either by a solid shaft or 
a clutch, both of which will be supported by bearings. A battery is needed to power 
the diesel engine starter motor and the electrical machine excitation. Once the system 
is up and running, power from the generator can be fed back into the exciter and used 
to recharge the battery. Standard diesel generators are fitted with synchronous 
generators [6] and consequently are controlled to run at a constant speed to guarantee 
constant electrical frequency. The power from the synchronous generator is 
connected to the grid through switch, to allow isolation and off-grid start up, with 
protection usually housed in a connection box. 
 
The whole system is housed in a weatherproof building or container that has been 
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2.3 Constant speed diesel gensets 
2.3.1 Advantages 
 
Diesel generator technology has not changed much since the early 1900s, other than 
a marked improvement in diesel engine emissions and performance and the advent of 
self-excited synchronous generators. The capital cost of a complete diesel power 
system is also low compared to other distributed generation (£100-500/kW diesel 
genset or £200-1000/kW installed, £4-20 per gallon or £0.8-4.4 per litre fuel storage 
tank[7]) allowing communities to own them outright without loans or government 
help. They can be easily transported and installed which reduces setup time and 
costs. Running costs will vastly outstrip any capital cost over the lifetime of the 
system. Operation is very simple and with regular maintenance is very reliable, 
which is a major concern for remote location where parts are not easily available. In 
some cases, it can take weeks for a new part to arrive due to bad weather. Diesel 
engines can normally be repaired and maintained by someone in the local 
community, such as a trained mechanic, which adds to the self-sufficiency these 
communities desire. Diesel gensets are efficient in and around the rated load 
allowing minimum fuel use. 
2.3.2 Disadvantages 
 
Although diesel gensets are a reliable mature technology, they suffer from a few 
fundamental problems which have not been properly addressed. At full load, constant 
speed diesel generators run at maximum efficiency, but unless the local demand is 
large enough to require multiple Gensets, it is likely to spend most of its operational 
life partly loaded. Figure 2.2 illustrates the load variation for a small community. 
With the variation in daily, as well as seasonal load, it is not possible to avoid low 
loading of the diesel gensets, unless a large number of low power units  are installed 
(e.g. 25% of full load). 
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Figure 2.2- Small residential community load in Norway [8]  
 
Fuel consumption per kW produced is seen to increase at lower loads and fuel 
consumption at no load is still 15-30% of the full load point [8]. Universal fuel 
































Figure 2.3 – Fuel Consumption [8] 
Another matter that can compound this problem is the fact that most engine 
manufacturers recommend a minimum loading, which can be as high as 40% of rated 
capacity, in order to prolong diesel engine lifetime [10]. To achieve this, dump loads 
may need to be installed at extra cost to the consumer. The deterioration of the diesel 
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engine lifetime at low loads transpires from build up of unburnt fuel inside the 
engine (pistons, cylinders etc). 
 
Although diesel gensets are cheap to buy, there are running costs and environmental 
consequences to consider. The high price of diesel fuel is aggravated in many cases 
by the additional transportation costs to remote areas. Diesel generators need regular 
maintenance, as do fuel storage tanks. Therefore, the cost of electrical energy 
production ends up being several times higher than that found on large mainland non 
diesel grids.  
 
Diesel engines burn fossil fuel, which releases harmful emissions into the 
atmosphere and depletes the earths limited stored resources. Even with the recent 
advances in reduced emission, diesel engines still produce a high level of pollutants 
per MWh. Their CO2, NOX, SO2 and PM-10 emissions are amongst the highest, with 
only CO emissions being around par with conventional generation plant [11].   
 
POLLUTANT kg/MWh CO2 NOx SO
2
 
ICE Diesel 773 18.64 1.36 
ICE Natural Gas (NG) 545 24.09 negligible 
LE ICE (NG) 500 2.73 negligible 
Micro turbine (NG) 818 0.64 negligible 
Fuel Cell 636 0.02 0.00 
Biomass 0 - 1045 0.14 - 2.7 0.14 
PV 0 0 0 
Wind 0 0 0 
Table 1– Distributed generation emissions (NG = Natural Gas, LE = Low Emission) 
 
Other environmental dangers that arise from using diesel as the primary energy 
source come indirectly from accidents such as spillages during transportation. Diesel 
engines can also be noisy and cause vibrations, but advances in diesel engines and 
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2.4 Variable Speed Diesel Generator (VSDG) 
 
Research into VSDGs was motivated by the desire to improve performance at part 
load, in terms of efficiency and running cost. VSDG have been proposed as a 
technological solution for the diesel generator market for over a decade [12]. With 
recent cost reductions in power electronics, the VSDG has started to make more 
economic sense. As a consequence, they are now commercially available and are 
being manufactured by Cummins Generators Technology and Marathon Electric. 
2.4.1 Advantages 
 
The main impetus for the development of the VSDG is to reduce fuel consumption. 
This is accomplished by running the engine at the most efficient point on the torque 
speed curve for a given power demand.  
At low loads, the speed of the generator will be reduced, ensuring the engine is 
running optimally in terms of fuel economy [13], which is shown experimentally in 
[10]. The engine can also be run at much lower loads without the detrimental 
consequences experienced by constant speed operation. The engine performs fewer 
rotations per minute and, consequently, less combustions than constant speed 
operation at the same load. As a result, the combustions are fuller, thus alleviating 
unburnt fuel build up. Due to the fuller combustion of the fuel, the engine exhaust is 
less polluting. The operating set points can also be augmented to make engine 
pollution the most important criteria.  
 
Figure 2.4– Optimum Engine efficiency [14] 
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Figure 2.4 illustrates the variations in efficiency of a 20kW IC (internal combustion) 
engine over its full dynamic range. The circular bands mark off the different 
efficiency zones. Line C follows the optimal variable speed settings, line B a 
constant speed of 3000rpm, which is not exactly vertical due to speed droop, and line 
A constant power 14kW. At a 5kW output, the variable speed operation has a 7% 
greater efficiency than constant speed operation. The constant speed mode of 
operation is never more efficient than the variable speed and only ever matches it at 
near full load. It is clear from this graph that variable speed operation of a diesel 
engine is beneficial in terms of efficiency and therefore fuel consumption. Variable 
speed operation also allows more power to be produced from the same sized engine 
in most cases, as the speed can be increased above that of the set constant speed.  
As well as being more efficient and cleaner, variable speed operation can also be 
quieter than constant speed, given that it runs at lower speeds when part loaded. This 
can be important for systems close to properties that run during the night, when the 
diesel engine load is likely to be low and noise pollution is more of a problem. As 
with the pollution control, the operating set points can also be optimised for the 
quietest running conditions. 
 
A number of advantages are created by using a PMG, they can be very beneficial in 
stand-alone grids where there is no readily available supply of electricity for 
excitation. Most variable speed generator concepts [15],[16],[17] and actual systems 
[10],[6] use PMG. This allows them to run more efficiently, especially at lower loads 
when excitation power becomes a larger proportion of the power balance in a 
conventional generator (synchronous & asynchronous).  
PMG have the ability to be more reliable than conventional generators, because they 
are selfexcited and can be mounted directly on to the engine crankshaft, which 
removes the slip rings and bearings fitted to standard genset that would otherwise 
need regular maintenance.  
Comparing Figures 2.5(a) and 2.5(b) it can be seen that the permanent magnet 
generator is more efficient than the synchronous generator for all load situations, At 
part load, the Permanent magnet generator performs much better than the 
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synchronous generator, never dropping below 90% efficiency which is greater than 
the maximum achieved by the synchronous generator. Using a PMG gives the 
complete generator and converter system an overall efficiency of around 85-90% 
(0.95*0.93=0.88), which is comparable to a synchronous generator on its own. 
The electrical machine efficiency plots are for specific machines and are only meant 




(a) Synchronous generator [18] 
1 p.u. = 25 kVA 
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(b) Permanent Magnet [19] 




All variable speed generators need converters to control the voltage and frequency of 
power supplied to the grid. A good converter can run at up to 95% efficiency, but all 
have losses associated with switching devices and static elements such as capacitors, 
diodes and inductors. Permanent Magnet Generators (PMG) are more efficient than 
other generators, owing to their absence of electrical excitation, this allows them to 
reinstate some of the loss from the converter.  
 
The additional cost of power electronics and PMG dramatically increases the cost of 
the diesel genset, but also increase the control requirements, complexity and 
therefore total cost.  
 
The dynamic performance of the VSDG is a potential disadvantage, as it can be 
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output related to the set rotational speed. Therefore, the generator seems to increase 
in size as the rotational speed increases up to the maximum power. 
 
 
Figure 2.6 – Diesel Generator Loading 
 
 
The additional torque available at any given moment is the diesel engine maximum 
power (top line) minus the steady state operation set point (bottom line), 
demonstrated by the variable speed arrow in Figure 2.6. 
 The torque available to meet step load increases for the constant speed generator 
(right arrow) at the same power starting point as the variable speed operation (left 
arrow), is much larger. The instantaneously available torque significantly affects the 
generators dynamic stability. If a step load above the available power is applied to 
the generator, it will not be able to meet the demand quickly and the diesel engine 
could stall causing a blackout. For a small generator sized for a community of 10-15 
households, the equivalent demand of two electric kettles (3 to 4kW) being switched 
on or a small drop in wind speed for a high penetration wind-diesel system could be 
enough to seriously compromise the VSDG stability. To compound matters any load 
increase may initially decrease the engine speed leaving less available power to meet 
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the load change. If a step load increase is large enough to use all the immediately 
available power, the generator would then be in a very dangerous/unstable condition, 
as it would be unable to accelerate to the new set speed, and even a small load 
increase after that would be capable of crashing the system.  
 
VSDGs are a new technology and therefore the reliability of the systems has a level 
of uncertainty attached to it. This is a significant obstacle to up take, especially in 
remote communities where it would be used as the main source of power. 
Although power electronics are generally seen as reliable and require very little if 
any maintenance, their addition can also take away the communities ability to fix 
faults  impacting on their independence. The modularity of many power electronic 
components also means that even if a suitably qualified person is available to find 
faults and carry out repairs, spare parts would need to be readily available. As these 
components are often expensive, they are not likely to be stockpiled and so they 
would need to be ordered in.  Many power electronic components are in short supply 
and therefore can have long lead times adding to the transport delays, which can also 





To summarise, conventional diesel gensets are a reliable but expensive way to supply 
electricity. The main reason for their expense is the price of diesel fuel, which is 
further aggravated by the inefficient running of the diesel engine at part load. To 
overcome this problem, the running of the diesel engine at the optimum speed for the 
load (i.e. variable speed) has been suggested. Although this is not a new idea, the 
increased cost of the variable speed diesel generator, mainly because of the need for 
power electronics, is only just starting to be offset by the fuel savings. Variable speed 
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3 Hybrid Systems 
 
As stated previously, a lot of communities that rely on diesel gensets need help 
through government subsidies and interest free loans to bring the cost of electricity 
down to a reasonable price. One way of reducing the cost is to reduce the diesel 
generator load and hence fuel consumption by meeting some of the demand through 
renewable energy.  
 
Wind-Diesel hybrid systems can offer substantial savings and by 2001 Alaska had 3 
pilot projects up and running. Alaska being situated on the NW coast of America has 
good resources of renewable energy, mainly in the form of wind, and has the largest 
areas of class 7 wind power (mean wind speed above 8.8 ms
-1 
at 50m) in the United 
States [20]. Wind-diesel systems have been in operation from as early as 1977 in 
Clayton, N.M., U.S  [8]. In the Highlands & Islands of Scotland wind-diesel systems 












     
 
Figure 3.1– Typical Hybrid system 
 
A typical hybrid systems setup has each component connected to the grid with its 
own individual synchronisation. The system normally have a constant speed diesel 
  Wind Turbine 





Energy Storage DC 
Synchronous Generator 
Load 
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genset providing base load and a grid connected wind turbine usually with some 
form of energy storage as shown in Figure 3.1. There are many different 
permutations to hybrid systems and factors that affect them are natural resources and 
renewable power penetration levels.  




o Wave and tidal 
o Biomass/fuels 
Some hybrid systems will have a combination of renewable generators either because 
of the abundance of the resource or the natural balance that occurs between them. As 
the renewable penetration levels increase so does the complexity and cost of the 
system, but also the possible fuel savings and consequent running costs decrease.  
In low to medium renewable power penetration hybrids, the diesel generators remain 
on and run full time [21]. This only allows limited savings to be made due to the 
problems mentioned in the diesel generator section about fuel consumption per kW 
increasing at lower loads. High penetration hybrids tend to switch off the diesel 
generators when the renewable power can match the load and thus much greater fuel 
savings can be observed. If the power available from renewable sources exceeds the 
load demand, the control of the system becomes a lot more complex. 
There are three ways to handle this extra available power 
1. Power limitation of renewable devices using special machines or control 
programmes 
2. Dump loads, resistor banks or water heating etc 
3. Energy storage of the excess energy. 
There are three levels of complexity in hybrid systems 
1. Basic systems have stand alone generators where the renewable generator 
acts as a negative load on the grid.  No additional hybrid system control is 
implemented and no energy storage is needed, as the renewable generation 
does not exceed the load. 
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2. Intermediate systems may still have stand alone generators with no control 
linking the diesel to wind turbine, but dump loads are used to maintain 
system stability. This is needed because of the increased renewable 
penetration. 
3. Advanced systems can be fully integrated with renewable power, genset and 
energy storage all feeding the same inverter and controlled to match demand. 
Most advanced systems will have energy storage, because of the high 
renewable penetration level. 
Originally, when wind-diesel hybrids were first developed, fixed speed diesel 
generators and wind turbines were used. As technology advanced and the benefits of 
variable speed wind turbines became apparent, hybrid systems incorporating them 
arose [22]. Standard diesel gensets, variable speed wind turbines and other devices 
can be connected through the power electronic converters to a common dc-link. A 
dc/ac converter is then used between the common dc link and the grid. The benefits 
of not having a direct connection with the grid are quicker and easier start up of the 
genset as synchronisation with the grid is no longer required [23]. In [17] the idea of 
parallel operation of a variable speed wind turbine and diesel generator with separate 
converters and energy storage is developed. One of the considerations is that the 
engine may not be able to supply load under sudden loses of renewable resource. 
Energy storage could be used to level out fluctuations in renewable power to 
alleviate this problem.  
 
The sizing of hybrid systems is often the critical stage that determines if a system 
will ultimately be successful or not. Each section of the hybrid system effects and 
interacts with another. If the genset rating is too high, fuel will be wasted; if the 
rating is too small, there is the risk of regular brownouts, engine stall or local grid 
failure. The renewable resource at the site and grid loads have to be extensively 
researched and monitored before any choices are made, so that a cost-optimised 
system can be installed. Choosing the right wind turbine, to use is more complicated 
than just looking at the average wind speed as likely periods of over-production have 
to be assessed, so that energy storage can be accurately sized. 
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There is an assortment of methods to aid in the design of hybrid systems. Two 
different options are reviewed in [24] for a PV-Wind diesel hybrid system with 
storage.  
 
One such is a software based system called HOMER, which stands for Hybrid 
Optimisation Model for Electric Renewables and was developed by the National 
Renewable Energy Laboratory (NREL) [80]. HOMER still requires the same, if not 
more meteorological and manufacturers data as other methods, but all the 
complicated calculations are hidden away and there is a wider choice of devices 
available to simulate. 
The program can quickly simulate a year’s operation and find the optimal number of 
wind turbines and storage size. It does have its limitations as not every energy 
storage, prime mover or renewable device is catered for. HOMER has a user friendly 
Graphical User Interface (GUI) system. 
Hybrid 2 is another model developed by NREL. It allows more detailed simulation to 
be run for long-term performance and economic analysis [25]. 
The different computer models can be split up into time-series and statistical 
simulations. Detailed time series models do give more accurate results, but 
information needed for them is not always available, or easy to find.  
The software models concentrate on  
o Performance – system stability and power quality, etc. 
o Optimisation – costs and sizing 
o Control – finding the most efficient strategies 
 
In [26], a probabilistic method for evaluating the performance and reliability of 
wind-diesel hybrids is presented. It calculates expected annual wind and diesel 
production along with loss of load probability and expected unserved energy. 
Information used includes: the diesel fuel consumption curve, upper & lower power 
limits, wind turbine characteristics, wind power limiting constraint and hardware 
availability. In [27], there is a similar model, but instead of using a probabilistic 
method it uses a Monte Carlo technique. It is stated that the Monte Carlo method is 
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superior due to the more detailed diesel generator unit commitment scheduling. This 
allows the diesel generators to be turned off when there is enough wind, etc. 
The reliability of a stand-alone grid is a key issue, because they are often located in 
remote and inaccessible regions. This is one of the main reasons why the take up of 
hybrid systems has been slow, even with the substantial cost benefits available. If a 
component fails on an Island hundreds of miles from the mainland, or in areas within 
the Arctic Circle, it could be days or even weeks before a part or technician arrive. 
As standard diesel gensets are a simple mature technology, they are extremely 
reliable to begin with, given a little constant maintenance. If a breakdown does 
occur, a local mechanic is likely to be able to quickly fix the engine.  
Wind turbines and other renewables represent the unknown and communities may 
not trust or want to rely on them. If anything does go awry, it is unlikely that the 
tools and skills needed to fix them would be available loacally. 
These remote power systems often have to work in extremely harsh environments, 
such as 
o Corrosive sea water spray 
o Prolonged Sub-Zero temperatures 
o Humid dusty climates 
 
Operation in such environments will lead to increased mechanical and electrical 
malfunction and faults. 
Wind turbines in hybrid power systems may therefore have different design 
requirements as discussed in [28]. Access to site can be a key aspect in sizing the 
wind turbine. Large cranes are needed to install wind turbines of above 50kW. 
Access can be affected by lack of roads, steep rocky terrain, sand, ice and deep snow. 
Wind turbines with direct drive permanent magnet generators are regarded as more 
reliable than gearbox driven generators, as the gearbox is often considered the weak 
link. They also have to be well sealed to keep out the elements, as any damage/wear 
that does occur may not be easily repaired without complete disassembly for most 
generator topologies. Ease of onsite maintenance and repair is an essential matter for 
most sites, since manufacturers workshops are likely to be some distance away. The 
wind turbine should therefore be designed for trouble-free maintenance with easily 
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accessible parts and limited use of heavy equipment. Tools and manuals should be 
kept on site along with any lifting equipment necessary for basic maintenance.  
 
Controlling the hybrid power system can involve sophisticated scheduling and 
control algorithms. Variable speed and pitch control can be utilised successfully to 
quickly limit power from a wind turbine. This effectively works like a dump load and 
requires no extra hardware only software changes. 
Two 288kW power reducing wind turbines are used in [25] along with two 580kW 
diesel generators. This system achieved sustained penetration levels of 50% in high 
wind periods with peaks of up to 70%. This was achieved with a strategy of 100% 
spinning reserve, one 580kW diesel genset, and a soft minimum diesel loading of 
40%. Fuel savings seen were limited, but the system was still deemed financially 
viable. 
A system on Osmussaare Island [29] also uses a power limiting wind turbine 
specifically controlled for hybrid systems thus alleviating dump loads and energy 
storage. The wind turbine is produced by Pitchwind [30] and is connected to the 
diesel genset through a DC-link that allows easier control of the diesel engine.  
In [31] it states that most of the power quality issues can be improved through the 
use of a power electronic converter. Given that standard constant speed gensets and 
wind turbines can meet limits imposed on electrical generators, variable speed 
devices with power converters should be able to as well. The operation around cut-in 
gives the largest deviation in transient performance and the frequency variations are 
sensitive to the turbine inertia.  
  
By combining the fuel reduction benefits of the VSDG and use of renewable hybrid 
systems, the cost of electricity should be reduced further. The VSDG is ideally suited 
to make full use of the renewable generation, because of more efficient operation at 
part load, which is where a diesel genset in a hybrid system will spend most of its 
time. Systems using VSDG are also capable of supporting much higher renewable 
penetration levels, due to the lower minimum loading capability and so less 
renewable power will have to be shed or less energy storage will be required. 
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Figure 3.2- Variable speed fully integrated hybrid system 
 
 
The advantages of a fully integrated system, shown in Figure 3.2, include modularity 
and flexibility, so that many different generation forms can be incorporated. The 
inverter and diesel generator are sized to meet the load while the renewable 
generation can be specified as wished (most economic, highest penetration/cleanest, 
to budget). Having a single grid inverter decreases control complexity and improves 
stability, as inverter to inverter interactions are avoided. The DC/DC converters 
change the generators output voltages to that of the common DC link. The overall 
system should also be cheaper by avoiding the need for each energy source to have 
its’ own inverter because of the shared use of the common inverter.  
 
3.1 Power Generation 
 
Power generation can be split up into two sections dispatchable and intermittent. 
Dispatchable power generators can be controlled to provide the power required when 
needed. These forms of generation are normally fossil fuel powered (coal, nuclear, 
gas, oil, diesel, petrol, etc.), or can be energy storage based (Fuel cells, hydro dam, 
biofuels, etc.). Intermittent power generators have only a limited amount of 
controllability and cannot be dispatched when needed. They are epitomised by 
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3.1.1 Dispatchable generation 
 
Most hybrid power systems will have some form of dispatchable power generation 
because supplying the whole system load with renewable sources is not economical. 
This is due to two reasons; 
1. Ensuring renewable generation always exceeds load demand requires gross 
over capacity of the renewable system  
2. The need for dump loads or energy storage to deal with the excess power 
when it is produced. The cost of energy storage for a system with a more 
closely matched energy production and demand will still be substantial, as 
energy may need to be stored for long periods of time.  
Table 3.1 lists the profile of some of the available dispatchable generation suitable 
for hybrid power systems. The main source of power generation for the target 
communities is the diesel generator. With some modification, diesel generators can 
be run on biodiesel or hydrogen. Hydrogen can also be used in fuel cells to produce 
electricity more efficiently than in a diesel engine, but the cost is higher and 
reliability of this technology is still not fully proven in the field. Microturbines are 
also an option and can be run on a number of different fuels (Low or high pressure 
natural gas, Biogas, Flare gas, diesel, Propane and kerosene). Micro turbines suffer 
from the same problems as fuel cells, being high cost and as yet not fully proven in 
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Wind Energy Conversion Systems (WECS) convert energy in the wind to 
mechanical energy at the rotor and then to electrical energy in the generator. The 
rotor blades extract energy from the wind when the wind moves over the blades in 
the correct direction. The wind velocity that the airfoil blades experience is a 












Figure 3.3– Relative Wind 
                                                 
1
 Cost varies significantly based on siting and interconnection requirements, as well as unit 
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Wind turbines can be operated at variable or fixed speeds but technology is 
advancing towards variable speed because of its increased energy capture [33]. Some 
variable speed systems have limited ranges whereas others are fully variable. The 
power from the wind is proportional to the wind speed cubed and the coefficient of 




URCP pw        (3.1) 
 
ρ air density, Kg/m3 
R radius, m 
U wind speed, m/s 
The maximum possible power extracted by the wind turbine is determined by the 
Betz limit, which states that the maximum conversion efficiency of a wind turbine is 
59% and occurs when the wind velocity is slowed by 2/3 through the rotor [34]. The 
coefficient of performance, Cp, is related to the Tip Speed Ratio (λ) and a typical 














Figure 3.4– Cp - λ curve 






        (3.2) 
ω rotational speed, radian/s 
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About 86% of wind turbine technology utilise gearboxes to step up the slow 
rotational speed to high speed, so that conventional generators, such as the induction 
machine, can be used. Gearboxes are seen as the weakest link in the wind turbine 
design, as they are heavy and expensive components that require regular 
maintenance, and are susceptible to failures. Some offshore wind turbines have had 
substantial reliability problems with regards to gearboxes. Scroby Sands, UK had 
major issue with gearbox bearings and generators which has required the 
replacement of all the generators and the majority of the gearboxes bearings [75].  
The remaining 14% of wind turbines use direct drive generators, in which a slow 
speed multipole generator is coupled directly to the turbine blades. ENERCON is the 
world leader in direct drive wind turbines [35]. Eliminating the gearbox allows 
greater conversion efficiency, as gearbox losses are avoided, and improved 
reliability. Disadvantages of direct drive are that they require specialised and 
therefore more expensive generators. The generators are large and heavier, which 
causes additional problems when it comes to transportation and placing them on top 
of the wind turbine tower, which also needs to be stronger to support the extra 
weight.  
The UK wind energy resource has been stated as the best in Europe. Winds build up 
over the Atlantic Ocean and blow over the country from the west [36]. The west and 
northwest coasts of Scotland, therefore, have a very strong wind resource, as is 
shown in Figure 3.5 [36] in which the majority of the west coast has a mean wind 
speed above 7ms
-1
. Many of these strong wind sites also happen to be the location of 
small and remote islands that are candidates for wind-diesel hybrid systems.       
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Figure 3.5 – UK wind energy resource 
3.1.3 PV 
 
Photovoltaic (PV) panels convert the solar energy (radiation) directly into electricity. 
When solar radiation (photons) hits the PV cell, electrons (negatively charged 
particles) are released from the p-n junction (photo diode) substrate that the cell is 
Chapter 3  Hybrid Systems 
 29   
   
made from. This release of electrons creates a charge, which, when channelled 
through metal, conducts throughout the PV cell to produce a direct current (DC). PV 
panels are usually made up of large arrays of individual cells to give greater power 
output and minimise the external wiring needed. It is currently one of the most 
expensive forms of renewable energy, largely because of the cost of silicon, the most 
common material used. Research and development is currently being undertaken to 
reduce cost by looking at new and more organic semiconductor materials to replace 
silicon and also to improve the efficiency of current silicon based designs. As PV 
panels have no moving parts, they are very reliable and have an expected lifetime of 
at least 25 years.  

























   (3.3) 
 
where np and ns are the number of cells in parallel and series respectively; Iph is the 
cell photocurrent; Irs is the cell reverse saturation current and V is the cell voltage. 
q Electron charge 
k Boltzmann constant 
A p-n junction ideality factor (1(ideal) - 5 range, usually around 2.4) 
T temperature in Kelvin 
 





TTkII riscrPh      (3.4) 
 
Iscr cell short circuit current (5A in this case) 
ki short circuit current temperature coefficient (1.5e-3) 
Tr cell reference temperature (300K) 
S solar radiation in mW/cm
2
 (0-100 range) 
 



































   (3.5) 
 
Irr Reverse saturation current at Tr (0.7uA) 
EG Band-gap energy of the energy of the semiconductor (1.2eV) 
Chapter 3  Hybrid Systems 
 30   
   
 
The relationship between voltage and current for various levels of solar radiation is 
shown in Figure 3.6 for a fixed temperature using equations 3.3, 3.4 and 3.5. As can 
be seen, there is a constant current as the voltage increases, and then above a certain 
voltage the current drops away sharply. To obtain maximum power from the PV 
panel, the operating point needs to hover around the knee of the curve as depicted by 
the black line in the plot below. 
 
Figure 3.6– PV voltage current curve for various solar radiation levels 
 
3.1.4 Other renewable sources (Hydro, Tidal & Wave) 
 
Although there are other options for renewable power generation, wind turbines and 
PV are the most mature and accessible technologies currently available. 
Small hydro scheme have already been included in some remote hybrid power 
systems, but as well as being very site specific, they are expensive and normally 
require a large amount of civil engineering work to be carried out. This is likely to 
have a greater environmental impact associated with it than other renewable 
generation. Other renewable resources that may be exploited in the future by island 
communities in particular are tidal and wave energy. As there is no clear technology 
winner in either of these fields, they have not been included in this research. 
(V) 
(A) 
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Although these other forms of renewable generation have not been considered, it is 
expected that they would be able to integrate into the hybrid system given the right 
form of power conditioning.   
 
3.2 Energy Storage 
 
Energy storage comes in many forms, but is generally defined as “the conversion of 
electrical energy from a power source into a form in which it can be stored until 
converted back to electrical energy” [37]. Hybrid systems often need energy storage, 
because of the inclusion of intermittent renewable generation. In high renewable 
penetration systems, energy storage is often considered necessary. It helps maximise 
renewable energy usage by preventing the free energy being dumped, which can be 
exaggerated by the high minimum loading of diesel gensets. Energy storage can also 
reduce the frequency of the diesel engine on/off cycling, which has the benefit of 
reducing engine wear. Another benefit of energy storage is to aid in power system 
stability during transients. 
 
Figure 3.7 - Technical capability and commercial availability of energy storage types 
[37] 
 
Figure 3.7 illustrates a selection of current energy storage technologies, their power 
rating range and level of development. 
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Energy storage can be used for a variety of different roles in a hybrid system. These 
can generally be broken down into power quality and energy management roles. 
Figure 3.8 graphically categorizes a selection of energy storage technologies, 
although some technologies cannot be easily classified, since they are capable of 
providing both roles (advanced batteries, etc.). Traditionally, lead acid batteries are 
the most popular form of energy storage found in literature and in use in hybrid 
systems today.  
 
 
Figure 3.8 – Energy Storage Power and Energy Density [38] 
 
A lot of work is currently being undertaken in the energy storage field. The 
increasing use of renewable generation has lead to a greater need for higher power 
and energy ratings for storage to help balance large scale power systems. The 
increasing interest in electric and hybrid electric vehicles has also spurred research 
into better batteries and supercapacitors. A list of some of the available options is 
shown in table 3.2. 
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System Life Efficiency [%] 
Pumped Hydro 75 years 70-80 
Compressed Air 40 years 70[39] 
Flow Batteries 1500-2500 cycles 75-85 
Metal-Air 100-200 cycles 50 
NAS (Sodium Sulphur) 2000-3000 cycles 89 
Other advances batteries 500-1500 cycles 90-95 
Lead-Acid 200-300 cycles 75 
Flywheels +15 years 85-95 [40] 
Fuel cells 8000 hours [41] 35-50% [42] 
Supercapacitors 10,000-100,000 cycles 93-98 
Table 3– Energy storage options [43] 
 
3.3 Long term energy storage 
 
Long term or energy management storage technologies allow the time shift of 
generation, so that it can be used to meet demand. A selection of the suitable options 
available for use in hybrid systems of the range scale to be studied is examined in 
this section.  
3.3.1 Batteries 
 
Batteries are a mature, reliable and well proven technology, but there are restrictions 
associated with their use:  
1. Temperature limitations 
2. Charge & Discharge rates 
3. Cost and maintenance 
Batteries store energy electrochemically and are one of the most cost effective 
energy storage devices available exhibiting a high energy density. A Battery Energy 
Storage System (BESS) is made up of series and parallel connected battery cells to 
obtain the required energy/voltage levels. Conventional lead-acid batteries have good 
electrical to electrical turn around efficiencies of 75%.  However, they also have a 
limited lifetime that varies depending on the depth to which they are discharged and 
the number of charge/discharge cycles. Figure 3.9, shows the relationship between 
cycle life and depth of discharge.  
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Figure 3.9– Depth of Discharge (%) versus Cycle life [40] 
 
To help prolong BESS lifetime for Valve Regulated Lead-Acid (VRLA), the 
batteries need to be kept in a temperature controlled environment. This environment 
may require air conditioning, since the batteries produce large amounts of heat [76] 
(which is not taken into account in the energy storage efficiency). The condition and 
charge/discharge of BESS also has to be closely monitored and controlled to ensure 
maximum performance and lifetime. The State of Charge (SoC), which is the 
available capacity expressed as a percentage of the batteries rated capacity, needs to 
be continually monitored, since it is more complicated than simply a measurement of 
the battery voltage. Due to these factors, BESS normally have their own dedicated 
Battery Management Systems (BMS). 
 
What is often needed from energy storage in hybrid systems is short periods of high 
power to minimise start-stop cycles of the diesel engine [8]. Batteries are not ideal 
for this task due to their inherent current and discharge restrictions, although this can 
be undertaken to the detriment of the battery life.  
 
High temperature batteries have very high coulombic efficiency, typically 95%, (amp 
hours divided by amp hour out), but energy is required to maintain their high 
Cycle life 
Depth of discharge (DoD) 
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operating temperature in the region of 300°C [46]. The high temperatures necessitate 
more stringent thermal management and safety requirements. Materials used in the 
cell have to be able to handle the higher temperatures and corrosive conditions. Most 
advanced high temperature batteries have high power and energy densities, but at the 
moment high production costs are keeping them from being more widely used.  
3.3.2 Pumped Hydro 
 
Pumped Hydro storage is in use on the island of Foula in the Shetlands in its hybrid 
power system [8]. Pumped hydro storage differs from hydropower in that an upper 
and lower reservoir is required. At times of energy storage need, water is pumped 
from the lower to the upper reservoir. During times of energy need, the water falls 
from the upper to the lower reservoir through a turbine generating power. Pumped 
storage is expensive to build, which is why it is generally only found in areas with 
natural dams and reservoirs [45]. Even at sites that would naturally lend themselves 
to pump storage, long design and construction times are likely to occur.   
3.3.3 Flow battery 
 
There are a number of different flow batteries currently available, all of which work 
with the same basic principal of storing the active material outside the battery cell. 
The electrolytes are then fed into the cell as and when required. This allows the 
energy storage to be easily altered by changing the electrolyte reservoir size and also 
means the flow battery power and energy ratings are independent from one another.  
Flow batteries can be fully discharged and safely left in that state without detrimental 
effect to the system lifetime. This is in contrast to most batteries, which have a 
logarithmic relationship between the depth of discharge (DOD) and the cycle life as 
shown in Figure 3.8. These are high-cost systems and so far only a few 
demonstration systems have been deployed. Some examples are “Solar house” in 
Thailand [46], and Kashima-Kita Electric Power Corporation in Japan where a 
200kW/800kWh load-levelling demonstration system was installed in 1997 [47]. In 
2004, a 250 kW/1 MWh installation was constructed and commissioned by Pinnacle 
VRB on King Island in Tasmania to provide storage energy for a wind generator for 
diesel fuel displacement [48]. 
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Technologies PSB VRB 
CP (£/kW) 99 281 
CW (£/kWh) 43 66 
CM (£/kW/year) 6 6 
Efficiency % 65 70 
Lifespan (years) 15 15 
Table 4 - Flow battery technical and economic data [49] 
Cp power cost 
Cw storage cost 
Cm maintenance cost 
Polysulphide Bromide Battery (PSB) 





Hydrogen energy storage has the highest energy density and lowest power density of 
all the energy storage options discussed. A hydrogen energy storage system consists 
of an electrolyser, storage tanks and fuel cell. The electrolyser separates water into its 
component parts of hydrogen and oxygen. In reference [50], it is stated that the 
electrolyser should have a minimum current limit to ensure hydrogen gas purity. It 
also declares that electrolysers have a limited cycle life caused by corrosion of the 
cell membrane with reverse potential on switch off. To overcome these problems, a 
battery source is introduced into the hybrid system to maintain current and minimise 
cycling in transient situations. The overall electrical energy conversion efficiency is 
the poorest of all the systems examined, ranging from as low as 25% [50] to 40-60% 
in [45]. The electrolyser typically has an efficiency of around 70%, but fuel cells, 
when used only for electricity production, have an efficiency of only 50%. The 
process of hydrogen storage has an element of power loss during the compression 
and transfer of the gas. 
Hydrogen technology is currently in a stage of intense development and it is likely 
that efficiencies, cost and reliability will progress over the next decade and beyond.  
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3.3.5 Compressed air energy storage 
 
Compressed air energy storage (CAES) systems use an electrical motor driven 
compressor to pressurise air into a storage tank. Diabatic CAES rejects the heat 
generated during the compression stage but in adiabatic CAES the heat is captured 
and stored. Recovering this heat energy helps increase electrical to electrical 
efficiency, as it can be re-used when the system is generating. The compressed air is 
reheated using the thermal energy store and then expanded through a sliding pressure 
air turbine to generate power. Although diabatic CAES is a mature technology, 
adiabatic CAES is still in the development stage.  Two large scale CAES systems are 
currently in operation; a 290 MW system in Huntorf Germany and a 110 MW 
McIntosh, Alabama [39].  
 
3.3.6 Energy storage for End Use 
 
There is also the option in many cases for end-use storage, but this may require more 
complicated control procedures and is similar to load control. End-use storage can 
take the form of water heating, hydrogen production or water pumping for irrigation. 
Load control can be highly successful, if end-users are given economic incentives to 
use the excess power from renewable sources. In practise, there are often correlations 
between energy production from renewables and energy usage by consumers, for 
example when it is windy, heaters are often turned up, and when it is sunny, air 
conditioning is used more. 
For fixed speed synchronous wind-diesel generators automatic load control can be 
applied. This requires no communication between load and generator, as only the 
frequency of the grid need be known. As the frequency rises, more loads are applied 
to bring it back down, and vice-versa, for a reduction in frequency. A fuzzy load 
controller with a random element to switch on and off 15 identical loads is presented 
in [51]. In a real system, there are likely to be some prioritisation of loads to 
determine which will be switched off first. Such a system is heavily reliant on end-
user co-operation.     
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3.4 Short term energy storage 
 
Long term energy management energy storage can be used to positive effect in the 
hybrid power systems under investigation. However, it is not essential, as most forms 
of renewable generation can be controlled to limit output, or dump loads can be 
installed to shed surplus power. Economics will ultimately determine which option is 
used: power shedding or energy storage. 
Short term energy storage, on the other hand, is necessary for the correct operation 
and reliability of the system. Short term energy storage is generally used to aid 
generators during transients to help maintain hybrid system stability. This is seen as 
particularly the case in the high penetration hybrid power system using the VSDG in 
this work.  
 
 
3.4.1 Superconducting Magnetic Energy Storage 
 
Superconducting Magnetic Energy Storage (SMES) systems have a slightly higher 
power density and lower energy density than flywheels. High charge/discharge 
efficiency of over 95% can be achieved [52].  
SMES systems store energy by creating a magnetic field through a superconducting 
coil when a DC current flows through it. The large superconducting coil has to be 
cooled to cryogenic temperatures (critical temperature of the material being used 
4.2K [53]) although high temperature (20-50K [54]) superconductor devices are 
currently being developed. They can be expensive, compared with other energy 
storage technologies, due to the cost of cryogenic vessels and refrigeration 
equipment, but the advent of high temperature devices will help reduce cost. The 
SMES device can be placed in the DC-link of a back-to-back converter as modelled 
in [55] for the load levelling of a large 100MW wind farm.  SMES devices have fast 
response capabilities that could make them useful in dynamic and transient 
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3.4.2 High power battery 
 
Some of the advanced batteries could see their way into short-term energy storage for 
power quality due to their high power capabilities. Higher energy densities would 




Flywheels use the inertia of a large spinning disc to store kinetic energy. They have a 
higher power density but lower energy density than batteries. The energy stored 
depends on the moment of inertia and the square of the rotational velocity as shown 






        (3.6)  
     
 
There are two types of flywheel systems used in hybrid systems. In the first example, 
the flywheel is attached to the shaft of the diesel generator and thus rotates at the 
same speed as the generator. To allow diesel shut off, a clutch is used to decouple the 
synchronous generator and flywheel from the diesel engine. Clutches are subject to 
failure and therefore need periodic replacement. Energy transfer in this case is 
limited by the acceptable changes in grid frequency.  
 
In the second case, the flywheel is placed separately elsewhere on the system and an 
electrical machine is used to take or receive power controlled through a power 
converter. This allows much greater speed variation and hence increases energy 
availability. Higher rotational speeds are possible, but a vacuum is required to reduce 
air resistance. Protective containers are required to contain the flywheel in the event 
of mechanical failure. Tolerances and bearing standards need to be high for high 
velocity flywheels, which contributes to the high cost. Energy transfer efficiencies 
for both systems are fairly high at +80% [52]. 
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3.4.4 Super/Ultra Capacitors 
 
The Supercapacitor is an electrochemical double layer capacitor that stores electrical 
energy by physically separating positive and negative charges. The energy density of 
Supercapacitors is thousands of times larger than normal electrolytic capacitors. 
Chemical reactions are not used in operation, which has benefits in terms of cycle 
life and operational temperature. Supercapacitors can be stored completely 
discharged, easily installed, are compact in size and can operate effectively in harsh 
environments (cold, hot & moist). The cost of supercapacitors has been steadily 
decreasing due to rapid development. Research in to the use of nanomaterials 
promises to further improve power densities and dramatically improve energy 
densities. Supercapacitors have a higher power density but lower energy density than 
SMES. In reference [56], the authors suggest the use of supercapacitors with 
renewable energy sources, because of their rapid charge and discharge capabilities, 
unlike batteries. Supercapacitors typically only have a single cell voltage rating of 
2.5 Volts. Therefore, they have to be connected in series for higher voltage 
applications and in parallel to increase energy storage.  
One limitation of the supercapacitor when connected in parallel to a DC-bus is that it 
can only be charged to the upper voltage level and can only be discharged to the 
allowable lower voltage level, leaving unusable charge on the capacitor [40]. DC/DC 
converters are able to overcome this limitation but add cost.  
Supercapacitors also have a much higher self-discharge rate than batteries, which 
means they may not suitable for longer-term energy storage. Their long cycle life, 
operational effectiveness in diverse conditions and high power transfer rates make 
them a prime candidate for remote hybrid power systems. 
 
3.5 Case Study (Foula) 
 
Foula was chosen as the hybrid system case study due to the depth of information 
available about the system, community composition and Island population. For 
simplicity, the power system was chosen to be of a size where only one fully sized 
generator is needed to supply the load, which ruled out a lot of larger systems. 
Although these larger systems would benefit from having a VSDG in their multiple 
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generator systems helping supplying any part loads requirements. Keeping the 
system small also meant the load demand could be simulated at the individual 
components level. Foula has 17 households and a population of 31 people on the 
Island. 
 
Figure 3.10 – Foula hybrid power system [57] 
 
When Foula’s grid operated between 7.20am and 00.30am, the island load would 
typically vary between 12kW and 22kW. The hybrid power system on Foula as 
shown in Figure 3.10 now runs 24hrs a day and consists of: 
 two 30kW Diesel gensets, although only one can be run at a time  
 a 140kWh battery energy system  
 a 19.2kWpeak PV array  
The battery system has a 33kW bidirectional converter system that is controlled in 
response to changes in grid frequency. The grid allows loads to be dropped when 
frequency drops and generation to be shed when frequency rises passed set points by 
load management switches. 
Figure 3.11-3.13 show typical daily load profiles in winter and summer on both 
weekdays and the weekend. The Island load demand and generation power vary 
considerably for the days studied. Demand is often around 12kW; if supplied by the 
30kW diesel generator alone this would be an inefficient use of the diesel generator. 
To negate poor part load efficiency, the diesel generator is only run when needed as 
30kW      30kW 
Diesel Generators 
Main Powerhouse 
      AC 
DC 









Load and Grid 
33kW 
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can be seen from the graphs below. The generator is run when the batteries have 
reached a set discharge level and renewable generation is insufficient. The generator 
supplies the demand with any extra capacity being used to recharge the batteries 




Figure 3.11 – Foula Load and Generation Profile – Tuesday 22
nd
 March 2007 [57] 
 
In Figure 3.11 the load demand (island) and PV and diesel generation are plotted for 
a weekday in March. No data for the output of the batteries has been available but it 
is assumed that the BESS meets any shortfall in generation and absorbs any excess. 
In the early morning, when there is no PV power and demand is still high, the diesel 
generator is running at a high load both supplying the load and recharging the 
batteries. Once the batteries are fully charged (01:00) the generator is stopped and 
the batteries supply the load on their own. By around 06:45 the batteries have 
become sufficiently discharged to require the generator to supply load and charge the 
batteries again. During this battery charging period, the PV panels begin supplying 
power until at 11:30 the PV power is strong enough to supply the entire load. At this 
Island energy demand: 250kWh 
PV energy production: 100kWh 
Generator run time: 9 hours 
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point the batteries are suitably charged to back up the PV in supplying the load and 
the diesel generator is stopped. As can be seen from the plot, soon after this the PV 
power exceeds the load and the excess PV power is used to further charge the 
batteries. At 16:30, the PV power drops below the load demand, and the batteries 
start supplying the load again until they become discharged at 21:00 and the diesel 
generator starts up.  
The PV power for this day is nearly ideal with minimal disturbance throughout the 
day showing that there was very little cloud cover. The ideal PV daily power profile 
is a smooth curve from sunrise to sunset, rising to a maximum around midday to 
1pm, depending on the time of year. In contrast, the PV power in Figure 3.12 is 
highly variable, which illustrates that there was a lot of patchy cloud cover that day.  
 
 
Figure 3.12- Foula Load and Generation Profile – Wednesday 13
th
 June 2007 [58] 
 
The island load demand, PV and diesel generation profile is quite different for the 
13
th
 of June as shown in Figure 3.12. The initial diesel generation run, early in the 
morning ensures that the batteries are fully charged and able to supply the island load 
alone. PV power fluctuates throughout the day, only supplying the full load and 
charging the batteries for a few brief periods. By 19:30 the PV panels are only 
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supplying a small fraction of the load demand and the batteries have become drained, 
necessitating the start up of the diesel generator to supply load and recharge the 
batteries.    
 
 
Figure 3.13 - Foula Load and Generation Profile – Sunday 17
th




 of June, Figure 3.13, the PV panel produces very little power and so it 
can be seen that the diesel generator has to run through the middle of the day. It is 
more than likely that the day was overcast, accounting for the low PV output. Solar 




This chapter looks at the reasons for installing a hybrid system, and also different 
generation and storage options. Several existing systems and their operating schemes 
are discussed, as well as the different classifications of hybrid system. 
 
The different options for both dispatchable and intermittent generation have been 
presented. The diesel generator, wind turbine and PV have been chosen as the most 
suitable technology for consideration in hybrid power system, because of their 
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maturity and ability to be installed at a wide range of sites. The possible energy 
storage options for both energy management and power quality in the hybrid system 
have been presented. Only short term energy storage will be further assessed, 
because this is considered vital to the stable operation of the VSDG. 
 
Finally, a case study hybrid system, Foula, was presented to illustrate the interactions 
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4 Feasibility Study 
 
The purpose of this research is primarily to reduce the cost of electricity supplied 
when compared to currently available hybrid wind diesel systems. In this chapter, the 
possible fuel savings are estimated using a Matlab Simulink model with simplified 
cost and fuel use calculations. After the fuel consumption and components needed to 
maintain the VSDG hybrid system power quality had been assessed in more depth, a 
more detailed assessment of the system feasibility was undertaken. This has been 
carried out using NREL’s (National Renewable Energy Laboratory) HOMER 
software, an economic optimisation simulation tool for distributed power systems. 
 
4.1 Model to Evaluate Feasibility 
 
Modelling is very useful at the initial stage of any design to determine the feasibility, 
otherwise high start-up costs would be incurred. Looking at previous work on 
VSDG, it was evident that for most load cases, apart from near constant full load, 
fuel savings could be made [10]. What was not evident, was the possible extent of 
this fuel saving and overall economic viability due to the increased cost of the 
variable speed generator mentioned in Chapter 2. The effect of the VSDG in a hybrid 
renewable system also needs to be assessed. 
 
4.1.1 Model Description 
 
The feasibility model comprised of four 15kW wind turbines giving 60kW total 
maximum power and a single 108kW diesel generator. This hybrid system is 
considered a high renewable penetration system, as the wind turbines could 
potentially supply the full load under the right conditions. All systems are presented 
as black boxes with one input and one output, as shown in Figure 4.1. The individual 
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Figure 4.1 – Black box model layout 
The wind model is based on the Weibull function (equation 4.4), with mean wind 
speed and variance being the two main inputs. These are substituted into equation 4.1 
from which equations 4.2 and 4.3 can be derived. The Weibull function [8] calculates 




          (4.1)  
 
086.1 Ik          (4.2) 
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Vmean mean wind speed, m/s 
k shape parameter 
C scale parameter 
 
Wind speed data for Skye, a North-West Scottish Island, has been taken from AEA 
technologies wind speed database and processed using the Weibull probability 
function [59]. In Figure 4.2, the hours per year based on a mean wind speed of 6.8 
ms
-1
 with a variance of 3 ms
-1
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Figure 4.2– Weibull wind speed distribution 
The wind speed is then used as the input to a wind speed power curve lookup table 
based on Figure 4.3 that provides the wind generator output power. This power is 
then processed through the power electronic converter model, which is a black box 
with a conversion efficiency of 90%. 
The simulated wind turbine model is based on a commercially available Proven 
15kW wind turbine [60]. Figure 4.3 shows the DC power curve used in the model. 
The wind turbine has three 4.5m long glass epoxy downwind rotor blades, which are 
self-regulating and rotates at 160 rpm at rated output by bending the blades reducing 
the surface area and aerodynamic efficiency.  
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Figure 4.3– 15kW wind turbine, wind speed vs power output curve [60] 
 
In the simulation, the wind turbines are allowed to operate at peak power at all times 
with any excess power being dumped. In a real system, this dumped energy could be 
used to heat water or be stored in batteries or any other energy storage device 
mentioned in Section 3.3. The diesel generator provides any shortfall in load demand 
not supplied by the wind turbines. 
 
The diesel engine has been modelled on a 108kW turbo charged unit for which 
engine torque, speed and fuel consumption information was available, as displayed in 
Figure 4.4 below.   
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Figure 4.4– 108kW diesel engine specific fuel consumption [77] 
Two different models, one modelling a conventional constant speed diesel generator 
and the other a Variable Speed Diesel Generator (VSDG) have been created from the 
data in fig 4.4. The fuel consumption power lookup table used for the constant and 
variable speed diesel generator models is cross-referenced from the speed and torque 
set points from the data used to create Figure 4.4. Power converter losses are taken 
into account for the VSDG. As in the same way as with wind turbine, namely a black 















































Specific Fuel Consumption - 6.0 L Turbo engine 
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Figure 4.5 and 4.6 help illustrate the diesel engine output more clearly than in Figure 
4.4. Figure 4.5 is the maximum engine torque across the engine speed range. Figure 

























Figure 4.6– Diesel engine Speed Power curve 
 
The fuel consumption for variable and constant speed operation of the diesel 
generator at different power outputs has been interpreted from the tabulated engine 
















Figure 4.7– Power Fuel consumption curves 
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As can be seen from Figure 4.7, the margin between the two modes of operation is 
small in the lower power ranges and non-existent above 65kW.  
The turbo diesel engine has been designed for constant speed operation, hence no 
additional advantage is given to variable speed operation. On the contrary the 
addition of a turbocharger to the engine will increase fuel consumption during low 
speed operation because it has been designed to operate at higher rotational speed. 
4.1.2 Load 
 
The community load demand is based on that of a typical UK household over 24 
hours scaled up to an appropriate size for the diesel generator. The scaled load for the 
108kW diesel generator is equivalent to a small community of about 54-72 homes [8] 
[61]. The load is varied throughout the year to represent the different seasonal 
demands, increasing for cold and windy winters for example. Figure 4.8 displays a 
typical load profile for a summer day.  
 
 
Figure 4.8– UK household summer load profile [8] 
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4.1.3 Results 
 
Simulations of the constant speed diesel generator and VSDG on their own and in 
hybrid systems with wind turbines have been carried out for one complete year. 
During this time, the load supplied to the community was some 376,000 kWh, which 
was calculated by integrating the load power and dividing this by the time period in 
hours.  In the hybrid systems, the wind turbines supply around a third of the energy 
needed although 10% of the generated energy is dumped, as shown in Table 4.1, due 
to wind power overproduction. 
 
LOAD WIND DUMPED 
376 000 126 800 12 700 
Table 5– Energy in kWh 
 
The fuel used by the diesel generator for 4 different power system models is shown 
in Table 4.2 below. The first two models compare the different modes of diesel 
generator operation on their own. The Diesel model uses a constant speed diesel 
generator to supply the load. The VSDG model uses a variable speed diesel generator 
to supply the load. The hybrid models simulate the two different modes of diesel 
generator operation in a hybrid wind diesel system. The Wind/Diesel model 
implements a wind turbine and constant speed diesel generator hybrid system. The 
Wind/VSDG model uses a variable speed wind turbine and diesel generator hybrid 
system. 
 
Fuel Constant Speed 
Diesel 
VSDG Wind /Constant 
Speed Diesel 
Wind/VSDG 
Kg 94 800 84 680 77 070 63 140 
Litres 111 529 99 623 90 670 74 282 
£ 55 765 49 812 45 335 37141 
Table 6 – Fuel use and cost comparison 
 (Density of Diesel 0.85kg per litre, Diesel fuel at 50p per litre) 
 
The following observations can be made from the data in Table 4.2: 
 In the diesel generator only case, variable speed operation saves 10,120 kg 
(or 11%) of diesel fuel per annum over constant speed operation.  
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 The addition of the wind turbines produces an 18.7% fuel saving for the 
constant speed diesel generator and a 25.4% saving for the VSDG.  
 Looking at only the hybrid systems, variable speed operation saves 13,930 kg 
(or 18% of 77,070kWh) of diesel fuel per annum over constant speed 
operation.  
 The savings incurred in running a variable speed hybrid system over the 
constant speed stand-alone diesel generator are 31,660 kg (or 33% of 
97,800kWh) of diesel fuel per annum. 
 
The main cost of running a diesel generator comes from the fuel costs, and so the 
degree of savings should provide a good financial incentive.  
 
An economic evaluation was carried out using a low price of 50 pence per litre for 
agricultural diesel
2
. The possible annual fuel saving of the variable speed hybrid 
system simulated compared with the standard diesel genset is £18,624, from Table 
4.2. The cost of four 15kW wind turbines, including masts and rectification 
converters, is around £100,000
3
 and are likely to reach payback at 8-10 years. Given 
a 20-year lifetime, the savings should be in the order of £300,000. 
The VSDG will have a substantial premium compared with a standard diesel 
generator, because of the need for a fully rated converter, and so any anticipated 
savings need to be considerable. The combination of the VSDG with wind turbines 
should ensure low diesel loading and hence low fuel consumption for prolonged 
periods. Although the VSDG will cost more than a conventional diesel generator, the 
anticipated hybrid system should not, because the inverters, which are estimated to 
cost about £5000 per wind turbine, have been omitted from the above calculation as 
the hybrid system is to be fully integrated sharing the DC link and an inverter. It has 
therefore initially been shown that the VSDG in a typical community load cases, 
                                                 
2
 Diesel price obtained from CPL Petroleum 11/08/05 for the Isle of Skye 
3
 Proven 15kW wind turbines; Generator £15,000, Isolation + rectification £500, Mast(height 
dependant) £8-15,000 
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where nominal load is generally low compared to peak (generator sizing) load, 
should be financially viable both on its own and in a hybrid system.   
4.2 Economic Analysis 
 
HOMER is an optimisation and sensitivity analysis model used in the evaluation and 
design of both off-grid and grid-connected micro power systems. It enables many 
different technologies, system configurations and capacities to be compared quickly 
and easily under a variety of defined sensitivity variables. Examples of sensitivity 
variables are fuel costs, wind speed and interest rates, but in general can be any value 
that is not fixed. Simulations are normally run over long time periods (lifetime of 
system) with energy balance calculations carried out for every hour of operation.  
The user provides all required information about the system which includes; 
 Component purchase, replacement and maintenance cost 
 Component lifetime (hours or years) 
 Component performance (fuel consumption load curves, wind speed power 
output curves etc) 
  Number and size of components to be considered 
  Renewable resource  
  Fuel costs  
  Economic inputs (interest, project lifetime etc) 
  Loads 
  Energy storage 
Other possible inputs include System Control 
 Determining battery/energy storage dispatch 
 Generator(s) operation/scheduling 
 Deferrable loads (dump loads etc)),  
Emissions  
 Costs/penalties 
 Limits (discarding systems that exceed them)  
 Constraints (maximum annual capacity shortage, operating reserve, stopping 
infeasible system appearing in the results)  
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Homer uses these inputs and compares all possible combinations, producing results 
sorted by net present cost detailing all lifetime or simulation period run information 
such as fuel use, cost of electricity, renewable energy fraction, diesel run time etc.  









 (4.5)  
where: 
Cann,tot= total annualised cost [£/yr] 
CRF()= capital recovery factor  
i= interest rate [%] 
Rproj= project lifetime [yr] 
HOMER ranks systems by total NPC, not by the cost of energy. 
The annual real interest rate is related to the nominal interest rate and annual 











i = real interest rate (%) 
i'= nominal interest rate (% rate at which you could get a loan) 
f= annual inflation rate (%) 
For example, if the nominal interest rate is 5% and the inflation rate is 3%, the 
annual real interest rate is 1.94% (as %, not general number 5%-3%/(1+3%) = 
0.02/1.03). 
The annual real interest rate, therefore, factors out inflation for the economic 
analysis. It is assumed that the rate of inflation is the same for all costs. 
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The capital recovery factor is a ratio used to calculate the present value of an annuity 
(a series of equal annual cash flows). The present value is the equivalent value at the 
present of a set of future sums, taking into account the time value of money. 












  (4.7) 
where: 
i = interest rate 
N= number of years 
Example: for i = 7% and N = 5 years, the capital recovery factor is equal to 0.2439. 
A £1000 loan at 7% interest could therefore be paid back with 5 annual payments of 
£243.90. The present value of the five annual payments of £243.90 is £1000. 
4.2.1 Homer Model Description 
 
The modelled hybrid power system consists of a diesel generator, load and a choice 
of between zero and three wind turbines. No energy storage has been included in the 
model, although excess electricity has been produced. 
The wind turbine is based on a generic 20kW unit available in HOMER, with a 15m 
hub height although wind turbine details and the power curve can be easily changed. 
The capital cost for one unit is £25000 and the wind turbine has a 15 year lifetime 
with replacement costs of £20000. 
 
Item Unit Cost 
Wind turbine 20kW (0 to 3 units 
simulated) 
£25,000 (£20,000 replacement 
after 15 years) 
Wind speed 6.4, 7.58 & 8.5 m/s Weibull shape factor of 2 
Diesel 100kW Table 8 (30,000 hours overhaul) 
Load 750, 800, 850 & 894 
kWh/day 
0.393 load factor 
Diesel fuel 50, 60 & 70p/litre  
Real interest rates 5, 7.5 & 10%  
Table 7 – Case details 
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The wind resource has been entered in monthly averages although hourly data file 
imports are possible. The annual mean wind speed is 7.58m/s at an anemometer 
height of 10 meters with a Weibull shape parameter K value of 2. The variation of 
wind speed with height, displayed in Figure 4.9, has been calculated using a surface 
roughness length of 0.03m equivalent to that of a fallow field [60]. 
 
Figure 4.9 – Wind Speed with height variation 
 
The mean wind speed at 10m height has been given three sensitivity values of 6.4, 
7.58 and 8.5 m/s. The different values have been chosen to demonstrate the impact 
wind speed has on the energy produced by the wind turbine.   
The diesel generator model has four different variations to take into account: 
constant speed and three variable speed units as shown in Table 4.3. The variable 
speed diesel generators differ in their minimum run speed, which requires different 
levels of supercapacitor power boost, which is why they have different capital costs. 
   





Constant £11500 £10000 40 0.216 0.035 
VS 1800rpm £25300 £10000 20 0.237 0.019 
VS 1400rpm £29900 £10000 15 0.245 0.012 
VS 1000rpm £34500 £10000 10 0.246 0.011 
Table 8– Diesel Generator stats 
 
The last two columns of table 4.3 display the parameters used by HOMER to define 
the diesel generator fuel consumption. L/hr/kWrated is the no load fuel consumption of 
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the diesel generator divided by the rated output, and L/hr/kWoutput is the extra fuel 
consumption needed to supply the load.  
 
The premium paid for the variable speed wind hybrid system over the constant speed 
wind hybrid system will be less than shown above, because of integration of power 
electronic converter between wind and diesel, such that there is only one grid side 
inverter. In the maintenance costs, it has been assumed that only the diesel engine 
will require maintenance, and hence the cost is the same. The overhaul cost is 
representative of the cost of a new diesel engine after the 30,000 hrs operational life. 
The VSDG overhaul has been estimated to be the same as that of the constant speed 
diesel generator, as the supercapacitors and power electronic converter should last 
for the lifetime of the system. The lifetime of the system differs, with the VSDG 
having an increased lifetime due to their reduced running speed.   
 
Diesel fuel has been given three sensitivity values of 50, 60 and 70p/L (with 50p/L 
being around average in April 2008). 
 
The primary load has been given a daily load pattern (in one hour periods) for each 
month of the year although hourly data files can be imported. The resulting annual 
average load is 894 kWh/day (326,310kWh/year) with an annual peak of 94.8kW 
and a load factor of 0.393. Three percent daily and hourly noise has also been added 
to the load, which represents the individual appliance usage better than the constant 
load for each hour. 
 
The load has been given four sensitivity values of 750, 800, 850 and 894 kWh/d. 
 
The project has a 15 year lifetime with annual real interest rates of 5, 7.5 and 10%. 
No other system controls or constraints have been added and the controlled 
generation simply follows the demand.  
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4.2.2 Results 
 
For the 8 simulations and 432 sensitivities, the most economic option in all cases is 
where the most expensive VSDG with the lowest minimum run speed and therefore 
least possible fuel use.    
 
Table 4.4 below lists the most economic option for each diesel generator variation 
for the  base case of 894kWh/day load, 7.58m/s mean wind speed, £0.5/L diesel fuel 
and 5% interest rate . The NPC and Cost of Electricity (COE) give an economic 
comparison of the best options available. 
 












Constant 1 £36,500 £647,063 0.191 0.17 103,835 
VS 1800rpm 2 £75,300 £561.402 0.166 0.34 79,851 
VS 1400rpm 3 £104,900 £515,974 0.152 0.47 65,393 
VS 1000rpm 3 £109,500 £491,896 0.145 0.5 59,867 
Table 9 - Diesel Generator comparison 
 
 
The wind turbines have a capacity factor of 38.6% (30% is considered good in the 
UK for larger wind turbines). Average annual turbine output is 7.73kW with 7,894 
operating hours per year giving a total of 61,020kWh. Average annual diesel 
generator output is 23.4kW and the maximum load is 90.9kW with operational life 
lasting three and a half years (30,000hrs) after which the diesel generator is 
overhauled.  
 
The yearly emissions for the hybrid system with three wind turbines and variable 
speed diesel generator are compared to that of a variable speed diesel generator only 
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Pollutant Emissions Hybrid (kg) Emissions Diesel only (kg) 
Carbon dioxide 157,649 236,634 
Carbon monoxide 389 584 
Unburned hydrocarbons 43.1 64.7 
Particulate matter 29.3 44 
Sulphur dioxide 317 475 
Nitrogen oxides 3,472 5,212 
Table 10 – Emissions comparison 
 
The results have been shown to be to a certain degree relatively insensitive to mean 
wind speed, diesel price (assuming it will only increase) and interest rates with the 
variable speed (1000rpm minimum) hybrid always producing the cheapest 
electricity. The load, and more specifically the load factor, has the greatest impact on 
the results. The load factor is defined as the average load divided by the peak load. If 
the load factor is increased from 0.393 to 0.703 some sensitivity combinations result 
in the constant speed generator having the cheapest electricity. 
This only occurs with combinations of some of the most extreme cases, for example 
low mean wind speed (5m/s), minimum diesel fuel cost (£0.5/L) and very high real 
interest rates (10%).  
 
Mean wind speeds as low as 5m/s are on the threshold of viability for wind turbines 
when replacing mainland grid electricity. This also has the effect of increasing the 
average diesel generator load, which reduces the benefits of variable speed operation. 
At high speeds and high loads, the variable speed generator starts to resemble 
constant speed operation, but the additional losses from the power electronic 
converters further increase fuel consumption.  
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Figure 4.10 – Fuel Consumption Power Curve 
 
In the fuel consumption graph, Figure 4.10, it can be seen that the balance point 
between constant and variable speed fuel consumption is around 75kW (or 75% of 
maximum) for the diesel genset used in the hybrid simulations. Below this point, to 
about 50kW the fuel saving of the variable speed generator is negligible (under 0.9 
L/hr or 8%) and it is unlikely to offer total overall lifetime cost savings. However, 
this can be affected by generator lifetime, as the longer the lifetime, the less per year 
capital cost of the generator. Generator lifetime can in turn be affected by many 
aspects, including daily operating hours, maintenance, environment, load variability 
and vibrations caused by harmonics, and fuel and air quality.   
 
The breakdown of average power supplied by the generators
4
 in each month of the 
year (for the high load factor case) is illustrated below in Figures 4.11-14 for 




                                                 
4
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Figure 4.11- For 5 m/s 
 
 








Figure 4.14- For 8.5 m/s 
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Mean Wind Speed 
(m/s) 
Average output for 
3×20kW Wind Turbine 
(kW) 
Average Diesel 
Generator Load (kW) 
5 9.14 63.1 
6.4 17 55.4 
7.54 23.2 49.4 
8.5 27.2 45.4 
Table 11 – Generator annual average production 
 
Diesel fuel cost is only likely to increase from the current value, as demand increases 
from developing countries and oil extraction becomes more difficult and therefore 
more expensive. The diesel fuel price of £0.5/L will probably already be surpassed 
by the time of submission of this thesis, if it has not already, and as this price 
increases, so will the transportation cost for many of the remote communities that 




The VSDG system was first shown to be financially appealing due to the possible 
annual fuel savings, both as a standalone generator and as part of a wind diesel 
hybrid system. 
 
A more detailed cost analysis was then carried out using the HOMER simulation 
software for the lifetime of the system. The VSDG was again shown to have very 
strong fuel and total life time cost savings. Not only would this reduce fuel costs, but 
also fuel storage and transportation costs. The VSDG has been given a very high 
capital cost of three times a normal constant speed genset, because of the use of 
supercapacitors for power quality/system stability, power electronics and a 
permanent magnet generator. The overall capital cost of a hybrid system would be 
reduced by the shared use of the power electronic inverter with the wind turbines. 
Nevertheless, the VSDG still produces the most economic hybrid system for a wide 
variety of sensitivities. Only for high load factor systems, where the VSDG would 
Chapter 4  Feasibility Study 
 65   
   
not have originally been considered, the constant speed diesel generator provides 
cheaper electricity.  
 
In conclusion, simulation results of the VSDG in a hybrid system have been shown 
to reduce fuel use by 19-50% with total lifetime costs 11-34% less than for a constant 
speed wind diesel system. 
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5 Modelling & Simulation 
 
In order to better understand the basic operation and performance of the advanced 
hybrid power system, simulation models have been created. Using computer 
simulation helps reduce development cost and time during the initial optimisation 
and for simulating the system over a long time scale.  
 
In this Chapter, the performance of the hybrid power system over a variety of 
different time scales will be investigated. Table 5.1 outlines the three major 
simulation types of interest in general power system studies. Models have been 























































Table 12– Power system simulation type [63] [64] 
 
In [65] its stated that only the subsystems that determine the behaviour in the 
frequency range of interest should be included. 
 
The sub transient model, modelling down to individual switching events, will be 
used to study the behaviour of the power electronic system and its control. This 
model will be looking for any possible unwanted interaction between the different 
generators connected through DC/DC converters to the common DC-link.  
  
The Power System dynamics model of the hybrid system uses a reduced detail model 
focusing on device power control to determine the power flow equations. The power 
system dynamic model has been used to study the operational performance of the 
system in maintaining the DC-link voltage. 
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The Power Balance model uses a slightly reduced detail model of the Power System 
dynamics model, but with the time step interval increased to 1 minute in line with the 
available data time series period. The power balance model examines the long-term 
power balance performance and the use of resources to estimate running costs. 
 
The modelling and simulation work has mainly been carried out in Matlab Simulink. 
Matlab is a high level programming language that can be used to quickly solve 
iterations of mathematical equations. Simulink is a GUI for Matlab helping model 
dynamic systems and links building blocks that contain Matlab code to achieve this. 
It is a more user-friendly way of creating models than Matlab and enables quick 
alteration to the model values and design. The use of block diagrams enables one to 
visualise the processes and interaction within the model more clearly.   
 
5.1 Electromagnetic transient model 
 
Now that the variable speed hybrid system has been shown in Chapter 4 to be worth 
pursuing economically, further investigation of the operational performance is 
needed. Detailed models of the hybrid system components have been created to 
enable the transient performance of the individual components and interactions to be 
evaluated. 
 
The complete electrical and electronic side of the generators and converters have 
been modelled for the sub transient simulation. This simulates down to individual 
switching events in the inverter and DC/DC converters (in the kHz range). Figure 5.2 
shows the VSDG model broken down into its main parts: engine, generator, rectifier, 
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Vab fundamental inverter:
= m * sqrt(3)/2 * Vdc 
= 0.75*0.866*500  
= 325 V Volts peak
Rated Power 
17kW @ 3000 rpm
rpm torque limit











































































Figure 5.1– VSDG sub transient model 
 
The electrical side of both the wind turbine and VSDG have the same form 
comprising of PMSG, Diode Rectifier, DC-DC boost converter and Inverter. The 
PMSG has a torque input, the wind turbines torque value is dependant on wind and 
rotor speed and for the diesel engine the available torque is a function of engine 
speed.  
 
A similar model for the wind turbine has been created and the two models combined 
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The block diagram below breaks down the model into the main components and 
shows how they are connected up. The red lines and text show the generator control 
















Figure 5.3 – Hybrid system sub transient model block diagram 
 
 
The variable frequency variable voltage AC power that is produced by the generators 
is converted by the diode rectifier into a varying voltage DC source. The DC voltage 
ripple is reduced by a capacitor. This variable DC voltage is boosted to a constant 
DC voltage across another stabilising capacitor. A three-phase inverter samples this 
constant voltage to create grid voltage and frequency supply. A transformer is then 
used to filter out the switching frequencies of the inverter. 
 
The frequency of the sine wave is user specified and its amplitude is dependent on 
the modulation index, m. The magnitude of the modulation index, m, depends on the 
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                                                     (5.1) 
 
These more detailed models helped validate the intended operating method of the 
DC/DC converter for the common DC-link voltage control in the hybrid wind diesel 
system. The high level of detail and hence reduced step time of these simulations 
meant long run times, and therefore they were only useful for very short simulation 
times. 
 
Figure 5.5 illustrates the correct operation of the hybrid system. In this test, the wind 
turbine power is reduced because of the 11 to 9 m/s wind speed drop, while the 
VSDG maintains power balance in the DC link. Any change in the DC-link voltage 
would be projected on to the inverter AC voltage output, but as can be seen this is 
not the case as the sine wave amplitude remains consistent. 
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5.2 Power System Dynamics 
 
The hybrid system Simulink model, shown in Figure 5.6 below, includes detailed 
electrical machine modelling using the Simulink SimPowerSystems machines block 
sets. The different generator models are electrically isolated and are only linked by 
the power produced, highlighted by the green Pwind signal routing. The diesel 
generator and wind turbine model are similar to the models found later in this section 
but have Permanent Magnet synchronous generator (PMSG) blocks instead of 
equations of motion for the generator dynamics, and thus both electrical and 
mechanical characteristic are included. 
 
 
Figure 5.5 – SimPowerSystems Power system dynamic model 
 
The Permanent Magnet synchronous generator template from the SimPowerSystems 
toolbox has been used with generator parameter information for the wind turbine 
coming from [66] for a 20kW machine and from [14] for a 17kW diesel generator. 
Diesel Generator 
Wind Turbine 
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The generator parameter input data for the wind turbine and diesel generator are 
listed below in table 5.2.  
Parameter 20kW Wind Turbine 17kW diesel generator 
Nominal Speed (rpm) 211 3000 
Pairs of  poles 36 12 
Frequency out 126.6 Hz 600 Hz 
Resistance (ohms) 0.1764 0.195 
Inductance (Ld(H), Lq(H)) 4.48mH, 4,48mH 300μH, 300μH 
Moment of Inertia (kg·m2) 30 0.22 
Flux Density (wb) 0.4 0.175 
Table 13 – Permanent Magnet synchronous machine parameter inputs  [66], [14] 
 
A test was carried out to assess the variable speed generators ability to match the 
constant load under drops in wind speed. 
 
Below is a graph showing the hybrid system behaviour to three wind speed drops:  
 11-9 ms-1 in one second at 1.8 seconds 
 9-6 ms-1 in one second at 6 seconds 
 6-3 ms-1 in one second at 11 seconds 
 
The graph clearly shows the power deficits in the system when the wind speed 
suddenly drops. During the 9-6 ms
-1
 wind speed drop the undelivered power peaks at 
around 5kW, which is a very sizable portion of the 20kW load, the other wind speed 
changes do not bring about as large a shortfall (VSDG has more available power for 
the first drop, and power drop in the last wind speed drop is smaller). Key parameters 
affecting the stability of the system are wind turbine inertia and diesel engine torque 
as would be expected.  
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Figure 5.6 - SimPowerSystems Power system dynamic model results to wind drops 
 
 
In [63] it is stated that the generator and converter can be modelled as a torque 
source, as any torque set point can be instantaneously reached by injecting the 
appropriate rotor or stator currents. Therefore, it is not necessary to include the 
generator equations and the only remaining differential equations are the equations of 
motion. In [67], it is said that the variable speed wind turbine can be described as an 
active and reactive power source that are functions of average wind speed and only 
the details of the control system need to be modelled.   
Can the same be assumed for PMSG since there is no direct control over the stator 
currents with an uncontrolled rectifier? The PMSG VSWT previously modelled does 
have a torque control in the form of the DC-boost control, so in theory it should 
behave the same. For the VSDG the inverter can control the torque of the generator. 
In [68] it is noted that the torque-current characteristics of the PMG are independent 
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5.2.1 Constant Speed Diesel Genset 
 
The model for the constant speed diesel Genset is similar to that of the VSDG shown 
in Figure 5.8, with the omission of power converter losses and a speed controller 




The VSDG model is detailed in Figure 5.8 and consists of four main parts, the 
equations of motion (Generator Dynamics), Engine dynamics (Engine model), 



























































Figure 5.7 - VSDG model 
 
The differential equation below calculates the speed of the VSDG given the power 
balance into the shaft. The mechanical torque has to balance out with the electrical 
torque (or power) and frictional losses, or the shaft will be subject to acceleration at a 
rate proportional to the magnitude of imbalance and the moment of inertia of the 
system. 
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    (5.2) 
 
J inertia 
Te Electrical torque 
F frictional force per ωr 
Tm mechanical torque  
 
The engine dynamics are based on the response delay and maximum torque. The 


















Figure 5.8–Torque speed curve for the electrical generator torque limitation (Elec), speed set 
point (Speed) and diesel engine (Mech)  
 
A look-up table is used to cross-reference the maximum torque to the speed of the 
engine, which is the input to Tlimit in equation 5.3. The response delay T, occurs due 
to fuel movement and actuator delays. The mechanical fuel valve actuator takes time 
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to change its angle to allow more fuel to pass through, which then has to propagate 
down the fuel pipe into the engine cylinders. The rotational speed of the engine also 
determines how quickly this fuel is taken into the engine to be burnt.  
 
         (5.3) 
 
Tm Mechanical torque 
The delay factor T is proportional to rotational speed and Tdemand is also speed related. 
 
The electrical torque demand is a simple calculation of the electrical power demand 
divided by the speed. A dynamic saturation block linked to a look-up table sets the 
torque limit depending on the rotational speed, illustrated in Figure 5.9 by the “Elec” 
line. 
 
   (5.4 ) 
Pdemand is the electrical power demand 
  
The electrical torque taken from the generator is controlled by electrical current 
control through the DC/DC converter that links the VSDG to the DC-link. This can 
be achieved almost instantaneously within the operating range of the electrical 
generator.  
 
The reference speed set point for the VSDG speed controller is linked to the Power 
demand and should be made to closely follow the set electrical torque limit as 
illustrated by the Speed line in the Figure 5.10. The speed set points can be easily 
and quickly changed to alter the operating characteristic of the VSDG. This could be 
for the most efficient, least polluting or quietest operation. 
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Figure 5.9 - Power speed curve for the electrical generator torque limitation (Elec), speed set 
point (Speed) and diesel engine (Mech) 
 
 
5.2.3 Wind Turbine 
 
The wind turbine model (Figure 5.11) comprises of three main parts; Rotor model, 
equations of motion and electrical torque control.  
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Figure 5.10– Wind turbine model 
 
The rotor model, Figure 5.12, determines the mechanical power input of the wind 



























Figure 5.11 – Wind turbine rotor model 
 
Chapter 5  Modelling & Simulation 
 80   
   
The rotor model calculates the power in the wind interactions with the rotor and 
multiplies this by the aerodynamic efficiency of the rotor blades. The power output 
versus wind speed for the maximum aerodynamic efficiency operation, also known 
as the ideal Tip Speed Ratio (TSR or λ) defined in equation 3.2 is shown in Figure 
5.13. 


















Figure 5.12- Power vs. Wind Speed 
 
The differential equation of motion (equation 5.5) calculates the speed of the wind 
turbine rotor given the power balance into the shaft. This is similar to that of the 
VSDG equation of motion, but the frictional forces have been left out due to their 
negligible effect compared with an internal combustion engine that has many moving 






r     (5.5) 
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The electrical torque control works on the same principle as the DC/DC current 
controller would in the actual system. The wind speed is unknown, but from the rotor 
speed the ideal wind speed and therefore power can be inferred assuming constant Cp 
and knowing λopt. Dividing the power by the rotor speed gives the desired torque 







     (5.6)  
 
The wind turbine model is designed to operate from 3 to 11 m/s (400 – 21000W for 
the 4.245m radius blades) and follow its optimum tip speed ratio (8.876) to achieve 
the maximum coefficient of performance (0.45). This is achieved through regulating 
the rotational speed of the blades by altering the electrical generator torque. 
  
5.2.4 PV model 
 
The Simulink PV model is detailed in Figure 5.14, complete with maximum power 
point tracking (MPPT). The temperature variable in the PV characteristic equations 
(found in chapter 3.1.3) has been set to 288 K to simplify modelling. In a real system 
there would be a proportionate rise and fall of cell temperature with solar radiation, 
the effect of which can be seen in Vigure 5.15. All other PV constants have been 
based on a Eurosolare PL 800 design (appendix A). 
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A ranges between 1-5 
Cell deviation from ideal
so 2.5 good value
Only need to change number in parallel & series 
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Figure 5.14 – Temperature effect for constant solar radiation 
 
Chapter 5  Modelling & Simulation 
 83   
   
In the PV model, a look-up table is used to set the correct voltage for MPPT given 
the solar radiation, as shown in Figure 5.16 by the black line. As the temperature T 
has been set, the maximum power point is set for a given solar radiation. In a real 




























Supercapacitors can be modelled in the simplest form as a large capacitor using the 





0    (5.7)  
 





VCE       (5.9) 
 
Some supercapacitors, depending on material composition, have been found to have 
a slight voltage varying capacitance, which can be modelled by equation 5.10.  
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VCCC vitot     (5.10) 
Ci is the initial capacitance 
Cv is the voltage varying capacitance 
 
They can also be modelled in more detail by increasing the number of resistor 
capacitor branches for different time domains. 
 
The total capacitance for multiple capacitors in series is calculated using the equation 
















    (5.11)  
 
n is the number of identical capacitors 
 
 
CnCCCCparallel  321    (5.12) 
 
Supercapacitors are double layer capacitors that have a very small effective distance 
between the plates and a large surface area thus increasing their capacitance in 




     (5.13) 
ε is permittivity of the dielectric 
d is the distance between the plates 
 
The supercapacitor system control scheme limits the electrical current to a set 
maximum (saturation blocks in Figure 5.17) and controls charging and discharging. 
It is allowed to operate between set voltage limits (typically 50-100%). 
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Safe operating temperatur range



































Figure 5.16 – Supercapacitor model 
 
The controller checks to see if the Supercapacitor system voltage is suitable for 
charge or discharge and then cross checks this with the required operation to allow 
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5.2.6 DC-link model 
 



















   (5.14) 
The initial voltage V0 is 500 volts and the capacitance is 8 milli-farads. 
 
5.2.7 VSDG stability - test and results 
 
To demonstrate the stability differences between the VSDG and constant speed 
diesel, the VSDG was subjected to a 3kW step load increase from an original load of 
6kW without electrical generator current limitation.  Figure 5.19 illustrates the 
effective stalling of the engine as the rotational speed drops to zero. Figure 5.20 
illustrates the VSDG response to a 2kW step load with the same initial conditions as 
before. As can be seen the engine is able to accelerate up to the new set point and 
thus shows stable operation.  
 
 
Figure 5.18- 3kW step load increase 
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Figure 5.19 - 2kW step load increase 
 
The constant speed diesel generator is able to undertake much bigger step load 
changes and still operate satisfactorily. Figure 5.21 shows the frequency dipping to 
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5.2.8 Hybrid system DC-link voltage drop - test and results 
 
One way to achieve safer operation of the VSDG is to have a torque limitation 
scheme for the electrical generator. This follows the diesel engine maximum torque 
to avoid engine stalls. Generator torque is a function of generator current, so by 
limiting the current through the DC/DC converter the torque can be regulated. This 
then causes a reduction in power supplied and therefore a voltage drop across the 
DC-link capacitor of the AC/DC/AC converter.  
To test this proposed method, the hybrid system was subjected to a wind speed 
reduction from 11 to 7 m/s. The wind turbine power loss causes the DC-link voltage 
to crash (500-0V) as illustrated in Figure 5.22(a). The voltage drop would be directly 
imposed onto the inverter output, causing a blackout over the grid, which could take 



















(a) DC link response 
(V) 
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(c) Wind-Diesel-Supercapacitor hybrid Power flow 
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From Figure 5.22 (b) the shortfall in supplied power between 10 and 11 seconds 
corresponded to the loss of DC-link voltage. The VSDG initial pick up is good and 
engine stall is avoided, but it is unable to match its extra load demand caused by the 
wind turbine power drop. The VSDG has an added DC-link voltage controller that 
increases the power output to help bring the voltage back up to the set value.  
 
The addition of the super capacitor system (300V 2.9F) results in a much more stable 
DC-link with a voltage drop to only 499.5V under the same wind change as before, 
Figure 5.22 (a). The drop in wind power causes the supercapacitor system voltage to 
drain from 289 to 156V, which is equivalent to 0.02kWh or 70% of the total energy 
stored, while helping maintain DC-link voltage. It can clearly be seen in Figure 5.22 
(c) that the super capacitor system helps the VSDG maintain system stability under 
renewable power transients. 
5.3 Power Balance 
 
Initially, real world load data for a suitable sized community over a time period of 
days was sought, but no detailed data was available except from that for Foula. In 
order to provide the hybrid models with accurate load data, a detailed bottom-up load 
model has been created. 
On small island grids, individual items have an increased effect on the grid stability, 
and thus the model has been detailed to this level. In the model, a defined time 
window has been given for each action to take place (like waking up, putting the 
washing on etc). A random number, which is created for each day or event, is then 
added onto the start of the time window to determine when that action will start. 
 
Example: Wake up has to occur between 7:30am and 8am. Hence, the time window 
starts at 7:30am and ends at 8am. The random number can be limited to a specified 
range, in this case between 0 and 30. The random number, which for this example 
will be 7, is then added on to the start time so the person wakes up at 7:37am.  
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Household Individuals have been given attributes, so they cannot perform impossible 
or unlikely task, such as vacuuming while using the computer and listening to the 
radio. 
The process can be quite labour intensive, even after all the individual items have 
been created as each household can have a different makeup and requires different 
time windows and random number series for every task. There are a lot of different 
interactions occurring in an individual household that define which devices are being 
used and when. In small communities of 20 to 100 households, for which the hybrid 
system is intended, this is an acceptable method for creating a detailed load model, 
but for larger communities it would start to become cumbersome.    
5.3.1 Setup/test 
 
Each electrical device has a real/active power, standby power and Power factor 
associated with it. From this, the reactive power and the real instantaneous power 
that the hybrid system has to supply can be calculated. 
 














      (5.17) 
 
Items have been sorted into different categories 
 Electronics and entertainment,  
 Lighting 
 Motors 
 Electrical Heating 
Electronics and entertainment loads consist of small rectifier and SMPS loads, such 
as TVs, PCs, Radios and Satellite receivers. Small loads are classed as those below 
75W, and therefore do not require power factor correction, whereas devices above 
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75W are required by law to maintain a given power factor under regulation standard 
EN61000-3-2. 
Small single phase motors can be found in fridges, washing machines and other 
small pumps and fans throughout the property (heating pumps, ventilation fans, 
vacuum cleaner etc). 
Electrical heating usage mainly consists of electrical fan and radiant heaters, food 
and water heating, microwaves and irons. 
 
Cat Type p.f. 
Electronic Rectifier (<75w) 0.63 
SMPS (>75w) 0.98 
Lighting Incandescent 0.99 
CFL 0.95 
Fluorescent 0.9 
Motors 1-Phase Induction 0.83 
Heating Space/ Water 0.99 
Microwave/Iron 0.83 
Table 14– Device Power Factor (p.f.)[79] 
 
Table 5.3 lists the power factors for the different devices used in the load model.  
 
The scheduling of these devices is controlled by an S-R Flip-Flop (Table 5.4: truth 




 (after S == 1, R == 0) 
 
 (after S == 0, R == 1) 
 
Table 15 – S-R Flip-Flop operation table 
 
The relays reference the actual time of day (or week for non daily activities) to the 
random start time and also the random start time plus the random usage time (or run 
time). This gives the switch on and switch off time for the device.  
S R Q 
1 0 1 
0 0 1 
0 1 0 
0 0 0 
1 1 0 
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Figure 5.22 – Device scheduling model 
 
Relay1 is switched on when the actual time is greater than the random use time (and 
the output from the real time minus random start time block is positive) giving a 
logic high/true signal (1) into the S-R flip-flop input S. At this time, the S-R flip-flop 
input R is receiving a logic low/false (0) signal because the output from the real time 
minus random start time plus random run time block is still negative giving a logic 
low/false signal (0) from the relay. Therefore, the output of the S-R flip-flop Q is 
logic high/true turning on the device being controlled. When the real time is greater 
than the random use time plus random run time the S-R flip-flop input R changes to 
logic high/true (1) and the output of the S-R flip-flop Q switches to logic low/false, 
causing the devices to be turned off or switched on to standby. The mean and 
variance of the random number sequence can be altered to give the desired operation 
time. Different seeds are needed, so that blocks do not have identical random 
numbers, if they have the same mean and variance.  This method only allows one 
switching per sample time (period), but this sample time can easily be altered in the 
random number block parameters.    
 
Figure 5.24 shows an overview of the whole model and the following Figures look 
under the mask of the subsystems within the lighting load category.  
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power in Watts taken from
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Figure 5.28 – Scheduling overview 
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In each household or building with human occupancy (School, office etc), the first 
decision to be made is the number of people in the building. Occupancy patterns, 
which largely rely on the employment type of the people within the building (Part-
time, full time etc), are chosen next, see Table 5.5. 
 
Type Unoccupied period 
Part time 9-13:00, 17-22:00 etc 
Full-time 9-18:00 
Not working/unemployed various 
Night shift 20:00-9:00 
Table 16 - Household occupancy pattern examples 
 
The design of the building and composition of devices in each room (lighting and 
other devices) then has to be determined. Links can be made between rooms and the 
devices for example so that when the TV is on in the living room the lights are on as 
well (if it is dark outside). An overall control for the hours that lights are needed can 
be easily implemented using a seasonal variation for the hours of darkness in the 
region being studied (although dark hours would also depend on cloud cover, this 
could be implemented by adding a random number element that would be specified 
to represent the historical weather data (cloud cover/hours of darkness) of the area). 
Links can also be made between devices, so that DVD players and games consoles 
require the TV to be on. 
 
For many appliances, device usage is directly linked to available human attributes, 
which consists of ears, eyes and hands. Many appliance tasks require more than one 
attribute such as using the computer, which requires hands, eyes and sometimes ears. 
Other tasks effectively obstruct the use of some attributes. Vacuuming is one 
example of such a task, as it uses the hands and eyes and obstructs the use of the 
ears.  
Many devices can be used by multiple people at the same time and therefore use 
more attributes (for example people watching TV, playing games or listening to 
music together). 
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Figure 5.30 – Person one subsystem 
Chapter 5  Modelling & Simulation 
 99   
   













































Figure 5.31 – Eyes subsystem 
 
The schedule input in Figure 5.30 controls when household members wake up and go 
to sleep, which is taken into account for device usage and task execution. Figure 5.31 
shows the logic gates and switches used to control the possible tasks and attribute 
combinations. Inside each attribute (eyes, ears & hands) subsystem, a uniform 
random number generator (which generates a random number between the set 
maximum and minimum) is used to select a task. The random number selects a port 
in a multiport switch, which is linked to a task as shown in Figure 5.32. A state is 
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also given to tasks not requiring electrical devices (multiport switch3) such as 
reading a book or being outside gardening.  
 
Other tasks require no continued human attributes once started. These are also known 
as time elapsed/non effort driven tasks in project management. Examples of these are 
washing machines, dishwashers and to a certain extent some cooking appliances 
(ovens, microwaves etc). Some of these devices can have time delays set, so that they 
come on when the house is empty. 
 
Devices that run through a programme, for example washing machines and 
dishwashers, require a more complex model than a simple on/off switch. 
 
 
Figure 5.32 – Washing machine load demand on 40
o
C cycle [69] 
 
Figure 5.33 demonstrates a load pattern of a washing machine on a 40
o
C cycle. The 
first large load period is for the water heating (therefore this period will increase or 
decrease with wash temperature setting). The subsequent load spikes are the cleaning 
cycles with a large spin cycle at the end. Wash patterns vary between machines and 
most machines have a large range of wash options. Many of these more complex 
loads will also have power factors that vary. In the initial stage of water heating, the 
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p.f. will be close to that for pure resistive heating (p.f. 1). During the wash and spin 
cycles, the load is mainly that of a single phase induction motor (p.f. 0.83). 
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Information is available on a number of washing cycles and other more complex 
loads. The energy use of the load programmes has been compared to the average 
energy usages found in literature to help validate the model. Figure 5.34 shows the 
load model for the washing machine. 
 
The same building can have a significantly different usage pattern during the week 
compared with the weekend. This necessitates two different models for most 
building to cover the whole week. The models will have the same composition, but 
the occupation and task patterns will alter. 
   
All these models combine to allow complete characterisation of the individual 
household or building. These collectively amalgamate to form a detailed complete 
community aggregate load. 
 
A power system was created to supply the community load. The power balance 
model incorporates some of the power system dynamic model of the hybrid system 
from the previous section, which has been modified to run on a one minute time 
period. The model is simulated over a 14 day run time. The hybrid system is similar 
to that already used in the power system dynamic model comprising of a 28kW 
diesel generator, 20kW wind turbine, 3kW PV system and supercapacitor system as 
shown in Figure 5.35. 
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Wind speed data has been obtained from the national climatic data centre, USA 
National Oceanic and Atmospheric Administration. The mean wind speed over the 
14 days of real data used in the simulation, shown in Figure 5.36, is 6.4m/s. This is a 
lower mean wind speed than the good wind sites where hybrid wind diesel system 
are likely to be placed and therefore will have a smaller wind penetration. The mean 
wind speed at a 10m hub height for Foula is 10.3m/s and for the main Shetland 
Islands is 7.3m/s [70].  
For the 20kW wind turbine used in the simulation, the wind profile in Figure 5.36 
produces 1 -13kW of power. 
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Figure 5.35– 14 day wind speed data [71] 
 
Solar radiation data for the 14 days has been obtained from the automatic weather 
station at Macquarie University, Australia [72]. The average daily radiation in 
northern Scotland changes during the year from as little as 0.13 kWh/m
2
/d during the 
winter to 5.15 kWh/m
2







The average daily solar radiation energy for each month of the year is shown for two 
Scottish Islands, Foula and Fair Isle, in tables 5.6 and 5.7 below.   
Lat 60 
Lon -2 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
22-year Average  0.28 0.86 1.92 3.50 4.84 5.01 4.59 3.79 2.43 1.20 0.40 0.16 




Foula has an average daily solar radiation of 2.415 kWh/m
2
/d and Fair Isle has an 
average daily solar radiation of 2.595 kWh/m
2
/d. 
Lat 59  
Lon -1 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
22-year Average  0.34 0.99 2.11 3.71 5.21 5.34 4.87 4.01 2.61 1.29 0.46 0.20 




speed 6.4 m/s 
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The average solar radiation for the simulation data over the 14 days is 3 kWh/m
2
/d 
and therefore would be representative of summer months in the UK. The solar 
radiation profile for one of the 14 days is illustrated in Figure 5.37 below. 
The PV panels are modelled on a Eurosolare design that has a peak power of 3kW.  





















Average load over the 14 days is 7,628 W with a peak of 25kW and a base load of 
about 5kW, as shown in Figure 5.38. It should be noted that there are no large 
industrial loads such as induction motors or electric welders in the model.  
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Figure 5.38 – Typical model daily load profile 
 
Examining the load model results more closely, there are distinct phases throughout 
the day, Figure 5.39. During the early hours of the day until 8 am only the base load 
can be seen, which consists mainly of refrigeration compressor cycles and standby 
loads. The next phase is early morning when people wake up, turn lights on, make 
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breakfast and get ready to go to work (6-9am). The next distinct phase is lunch time 
(post midday) with a few small peaks of meal making activity. The final phase is 
post work (after 6 in the evening), which is the highest peak load in the day, when 
people arrive home turn lights on, take care of domestic chores (washing, ironing, 
vacuuming and cook dinner) and relax or enjoy entertainment (TV, PC, Music, 
Books, Sports etc). Comparing the Foula sized load above with that for a typical UK 
household load (Figure 4.8 in section 4.1.2) the graphs can be seen to have a similar 
shape with the peaks and troughs in the same periods.  
 
In order to get a more accurate picture of the load for the design community, detailed 
information should be gathered about the number of persons in individual household, 
appliances and employment, etc. The model Island has 32 people living in 13 houses 
with two other buildings (a School and an office). Foula, the case study Island 
community used for comparison, has a population of 31 people with 17 households. 
 
The actual Island load demand shown in Chapter 3.5 can be seen to differ from that 
of the load model simulations. Foula has a higher base load and less pronounced 
phases with the morning load often being the highest in the day as opposed to the 
evening load. There are several possible reasons for their differences, including 
different household composition (house layout, number of occupants and devices) an 
over-estimate of the number of electronic/electrical equipment (given the likely 
reduced expendable wealth/high cost of electricity and limited supply) and work 
patterns are likely to be different from typical mainland jobs as well.  
 
A number of different power system topologies (full Wind/PV/Diesel, Wind/Diesel, 
PV/Diesel hybrids and diesel only) were simulated to supply the load and all 
displayed strong fuel savings for the variable speed operation of the diesel generator. 
Variable speed operation produces a 43% fuel saving in the hybrid system compared 
with constant speed operation (9kW minimum loading). 
For the Full hybrid system the results are tabulated below. 
14 Day Results Kg Kg/L L £ @ 50p/L £/year Savings % 
Variable Speed (+ inverter loss) 460 0.85 541 £271 £7,055 £5,352 43 
Constant DG 622 0.85 732 £366 £9,539 £2,868 23 
Constant DG 9kW min 809 0.85 952 £476 £12,407 base base 
Table 19 – Power Balance hybrid model results 
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The model for the constant speed diesel generator has been simulated with two 
minimum load settings. The base case has a 32% of rated minimum loading, which 
equates to a 9kW minimum load, which is comparable to that specified by many 
manufacturers (Cummins is 30%). To meet this requirement, load dumps, long term 
energy storage or renewable generation shedding would need to be implemented. 
The other minimum load setting is 14% of rated or 4kW, which is the minimum load 
used for the variable speed generator, although smaller may be possible.  
It can be seen that this minimum loading has a large influence on fuel use, especially 
in renewable hybrid systems, where there is a 23% reduction in fuel use between the 
same constant speed diesel generators with different minimum loading. The high 
penetration of renewable generation in the hybrid system dramatically reduces the 
power required by the diesel generator and therefore it spends more of the generating 
hours at minimum or low load. Even in the diesel generation only case, where 
loading will be above minimum for a greater proportion of time, there is still a 12% 
difference in fuel use between the different minimum loadings for the constant speed 
diesel genset, Table 5.9 below. Comparing the different forms of operation in the 
diesel only generation simulation, variable speed operation uses 28% less fuel over 
the 9kW minimum load constant speed operation. 
 
14 Day Results Kg Kg/L L £ @ 50p/L £/year Savings % 
Variable Speed (+ inverter loss) 635 0.85 747 £373 £9,724 £3,729 28 
Constant DG 768 0.85 904 £452 £11,784 £1,669 12 
Constant DG 9kW min 877 0.85 1032 £516 £13,453 base base 
Table 20 - Power Balance diesel only model results 
 
The fuel saving of a real system on Foula or the Shetland Islands could be expected 
to be greater than simulation results, given the higher mean wind speed found there 
compared with the data used in this simulation. The wind turbine has a large 
influence on potential fuel saving due to its high penetration. 
5.4 Summary 
 
In Chapter 5, the reasons for using modelling and simulation as a tool are explained. 
They allow prototype systems (ideas) to be quickly and cost-effectively assessed to a 
reasonable degree of certainty (accuracy).  In addition, they allow tests that would, if 
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carried out live, take days, months or years to be run in a fraction of the time. The 
behaviour of individual components or complete systems can be easily changed and 
the ensuing effect observed.  
 
Modelling and simulation has mainly focused on the performance and fuel savings of 
the hybrid system. The proposed system topology of a common DC-link with 
individual generator control through DC/DC converters simulated.  
 
Performance problems encountered with the variable speed hybrid system have been 
documented. The addition of a Supercapacitor power boost system has been 
demonstrated to greatly improve the variable speed hybrid systems stability under 
heavy load transients. 
 
Sizing of the supercapacitor power boost system could be critical both in terms of 
overall system performance and economics. It is an extremely complex balancing act 
between cost and performance with every aspect of the hybrid power system and the 
load that it supplies potentially effecting sizing. As an example the size of the load 
change on the VSDG either by the loads on the grid or by sudden reductions in 
renewable power will influence the possible voltage drop. The Voltage Tolerance 
Curve of the most sensitive load on the grid may affect the maximum voltage drop 
allowed and therefore the size of the supercapacitor system needed. Due to the 
increased response time of the VSDG to load changes, the supercapacitor system is 
needed to help maintain system power balance during sudden load changes and help 
avoid a DC-link crash and subsequent grid blackout. There are many factors that 
determine the optimal size of the supercapacitor system.  
 
They are: 
 VSDG size 
 VSDG speed setting 
 Supercapacitor cost 
 Maximum load steps/transients encountered 
 Renewable power penetration (and type/inertia) 
 Required DC-link/Grid stability (power quality) 
 DC-link capacitance 
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The VSDG size can, for all intended purposes, be thought of as fixed because, it is 
sized to match the load requirement. In general the larger the VSDG the larger the 
supercapacitor system needed.  
The most variable factors are the load transient, which is in relation to the loads on 
the mini-grid and the required grid stability, which may be set by loads on the grid or 
user defined.  
High power low inertia renewable generation has the potential to be the most 
significant factor affecting supercapacitor system sizing, because it will be seen by 
the VSDG as a large fast load change.  
The VSDG speed setting can be altered to increase the transient load response or fuel 
savings. Optimising the Supercapacitor system is a play off between system cost and 
potential fuel cost reductions. In essence, if the supercapacitors system allows the 
VSDG to run at the most fuel efficient point, and the cost of energy (COE) is 
minimised, then the system has been optimised.      
The DC-link capacitance affects the rate of change in DC-link voltage under power 
imbalance and to a certain extent is predefined. 
 
If we assume the maximum load step to be the maximum load, then the 
Supercapacitor system has to be sized so that it can supply the power deficit that 
occurs, otherwise the DC-link voltage will be quickly drained. This is a simple 
calculation of the voltage and current capabilities of the supercapacitor system. 
Dropping the supercapacitor system voltage to 80% of rated gives a more realistic 
initial operating condition.  
Simulating the VSDG under full load acceleration allows the power and energy 
deficits to be determined. This, in turn, can be used to calculate the required 
supercapacitor system needed to maintain system stability. 
Altering the speed set points changes the power and energy deficits and therefore the 
supercapacitor system needed along with the fuel consumption. The easiest way to 
increase the VSDG transient performance is to increase the minimum set speed. This 
negates some of the VSDG advantages over constant speed Gensets and increases the 
fuel consumption at lower powers. 
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Running a Simulation over a complete year to attain the amount of fuel used, allows 
the full life time economics of the complete system to be calculated. 
It is evident from the results in the tables below that running the VSDG at it’s most 
efficient speed set point and using the required supercapacitor system size to meet 
overall system performance criteria is the most economical over the lifetime of the 
system (20 years). 
 
Example 
28kW VSDG run at: 
1000 rpm Supercapacitor system consists of 31 15V 58F modules 
Giving a maximum power of 31×15V×45A ≈ 20kW 
1400 rpm Supercapacitor system consists of 25 15V 58F modules 
Giving a maximum power of 25×15V×45A ≈ 17kW 
1800 rpm Supercapacitor system consists of 17 15V 58F modules 
Giving a maximum power of 17×15V×45A ≈ 11.5kW 
All adequate to stop the DC-link crashing under a maximum load step of 28kWThe 
cost of one supercapacitor module is taken to be around £70. The rest of the 













VSDG (1000rpm minimum) £2,400 £14,000 £16,400 £9,970 
VSDG (1400rpm minimum) £2,000 £14,000 £16,000 £10,065 
VSDG (1800rpm minimum) £1,400 £14,000 £15,400 £10,491 
Constant speed £0 £7,000 £7,000 £12,083 
   Table 21 
Interest and fuel cost added each year for the 20 year lifetime of the system.  
 
Type Interest 
5% 7.5% 10% 
VSDG (1000rpm minimum) £373,182 £501,412 £681,363 
VSDG (1400rpm minimum) £375,262 £503,827 £684,113 
VSDG (1800rpm minimum) £387,756 £519,726 £704,476 
Constant speed £418,109 £552,985 £739,146 
Table 22 
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The results show that the greatly increased initial cost of the complete system is paid 
back over the life time of the system even with high interest rates. The high annual 
cost of fuel means that the initial system cost only has a small effect on the overall 
life time costs. The cheapest system for all three interest rates is the VSDG that is 
able to run at an idle speed of 1000 rpm and therefore follow the optimal efficiency 
operation point for more of the power range due to the increase supercapacitor 
system power.  The most expensive system for all three interest rates over the 20 
year lifetime is the constant speed generator with higher annual fuel costs due to the 
inefficient operation at part load. The increased cost of the VSDG and 
Supercapacitor system pays for itself within 7 years for all three of the interest rates 
calculated. 
 
A detailed load model and 14 days of real renewable resource data have been 
implemented in the complete hybrid system model, so that the long-term operation 
could be assessed. The system operated satisfactorily and strong fuel savings have 
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6 Wind/PV-Diesel Emulation 
 
Wind/PV-Diesel emulation has been undertaken on low power electro mechanical 
test rigs. Due to the complex interactions occurring within the fully integrated 
variable speed hybrid system, the best way to verify compatibility of components and 
control stability is through experimentation. Two different test benches have been 
used during the experimentation, one at the University of Cassino, Italy and the other 
at the University of Edinburgh, UK. At the time, access to a VSDG was not available 
and hence experimentation was conducted on a low power test rig in order to 
demonstrate the basic principles of the control in a hybrid renewable energy system. 
 
The two different experimental systems, although different in their topology, share 
some common parts. Both supply variable resistive loads with DC power and utilise 
the Maxwell Supercapacitor modules. The main role of the supercapacitors is to 
provide the increased power demand, while the emulated engine increases its speed 
to the correct operating point. The Supercapacitor system comprises of up to five 
15V 58F Maxwell Supercapacitors in series (75V 11.6F), although it was found to 
run adequately on only three in Edinburgh.  
 
 
The control and monitoring of the system was accomplished using dSPACE 
ControlDesk. A control model is constructed in Matlab Simulink using real time 
dSPACE interface blocks as the models inputs and outputs. This is then loaded onto 
the dedicated dSPACE processor, which can be controlled through the ControlDesk 
software. In the ControlDesk programme, a customized layout is created, displaying 
as much of the available model data as required. An example of this is displayed in 
Figure 6.1. Some model parameters can also be changed in situ, allowing control 
gains to be changed and manual control to be achieved.  
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Figure 6.1– dSPACE ControlDesk screen print 
 
The control signals and system measurements are connected to the dSPACE 
hardware board as shown in Figure 6.2 and can be either digital or analogue signals.       
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Figure 6.2 – dSPACE hardware 
 
In this chapter, the different experimental setups are described. The performance of 
the systems is assessed and some of the problems encountered and their solutions are 
discussed.    
 
6.1 Testing at the University of Cassino, Italy 
 
A joint project between the University of Edinburgh and the University of Cassino 
was funded by the British Council Italy-UK Scientific Partner Programme, in order 
to enable a staff/student exchange for a number of weeks on two separate occasions. 
This allowed access to the high tech facilities and equipment at the University of 
Cassino and helped accelerate the initial experimentation. PV panels were available 
for connection to the test rig at the University of Cassino and have been used as the 
renewable part of the hybrid. PV panels have a high probability of being used in an 
off grid hybrid power system and it was therefore considered beneficial to test them. 
 
BNC analogue and digital 
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6.1.1 Components & testing arrangement 
 
The test rig in Cassino consisted of a SIMODRIVE permanent magnet motor (PMM) 
and an axial flux permanent magnet generator (PMG) and 1kW of Eurosolare PL800 
Photovoltaic panels. During the first visit, battery energy storage was used and on the 
second visit the Supercapacitors were used. A block diagram of the experimental 
system and the associated power converters are shown in Figure 6.3. 
 
 
Figure 6.3– Cassino test rig 
 
The SIMODRIVE torque controlled PMM used to drive the axial flux PMG (Figure 
6.4) was used to emulate the variable speed diesel generator. The PMM is modelled 
in the control system so that it represents the diesel engine. This is executed by a 
simple transfer function and torque limitation scheme as used in the VSDG model in 
Section 5.2.2. The power from the three phase AC PMG is rectified (Figure 6.6) to 
varying voltage DC and then converted to the DC link constant voltage through a 
step-up converter.  
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Figure 6.4 - Simodrive 611 control system 1.2kW PMG 
 
Figure 6.5 shows the battery bank, the inductor used for the PV and the variable 
resistor used as the main load.  
 
Figure 6.5 – Batteries, inductor and variable resistor used in Cassino 
 
Simodrive PM Motor 
Axial Flux PM 
Generator 
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Figure 6.6 – Hybrid system rectifier with built in DC link capacitor 
 
During testing of the emulated VSDG (PMM & PMG), an oscillation in the 
generator speed appeared at constant load. Initially, this had been accredited to the 
speed controller and then the belt drive had been suspected, but the cause turn out to 
be a broken encoder.     
 
Due to the problem with the speed encoder of the above generator and time 
constraints on a possible repair, a different generator, shown below in Figure 6.7, 
was implemented. This generator was much harder to control due to its very low 
inertia compared with the previous larger diameter axial flux permanent magnet 
generator and so all the control values had to be fine tuned again in order to obtain 
stable control. 
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Figure 6.7 – Replacement motor generator set up 1kW 
 
Figure 6.8 displays the electrical and electronic component layout and the placement 
of voltage and current measurement taps for the test rig in Cassino. The power 
electronic switches and diodes highlighted are ones not in use in normal operation. 
Simodrive PM Motor PM generator 
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Each of the DC/DC converters uses a dual gate IGBT module that is controlled 
through a driver module from the dSPACE output PWM interface. The duty cycle is 
current controlled using the control programme specified in Matlab Simulink and 
operates on a constant carrier frequency of 20 kHz. The Supercapacitor converter is 
the only converter to utilise both IGBT switches, because it has bi-directional power 
flow, as shown in Figure 6.9 below. The voltage is stepped down when charging and 
stepped up when discharging. 
 
Figure 6.9 – Supercapacitor bi-directional DC/DC converter schematic 
 
 
The PV generation is connected to the DC link through a step down (buck) converter, 
because it generates higher voltages than the DC link. The PMG uses a step up 
(boost) converter and the generator maximum rotational speed has been limited to 
ensure generator voltage output does not exceed the DC link voltage at higher 
rotational speeds.  
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Figure 6.10 – System power electronics and DC link connections picture 
 
 
Figure 6.11 – Current and Voltage measurement boxes 
 
Three voltage and four current measurements were available (box 1: 3 voltage, 1 
current; box 2: 3 current, shown in Figure 6.11) for input in to dSPACE. The PV 
used one current measurement on the low voltage (DC link) side of the DC/DC buck 
IGBT Switches 
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converter. DC link voltage measurement has been taken across the DC link 
capacitors with the current measurement placed in series with the load. The variable 
speed PM generator measurements occur on the low voltage (pre DC link) side with 
voltage measured across the rectifier filter capacitor and current reading taken from 
the positive wire to the DC/DC boost converter. The voltage across the 
Supercapacitors is measured and the current measurement is taken between the 
DC/DC converter and the inductor, all of which are illustrated in Figure 6.8. The 
rotational speed of the PM motor/generator has also been used in the control scheme.  
 
An overview of the complete control scheme implemented in Cassino is detailed 
below and illustrated in Figure 6.13. Batteries have been used as a supercapacitor 
substitute during the first visit.  
 
The duty cycle value of the PV step down converter can be controlled in two 
different ways depending on the system setting. When there is enough load demand 
to ensure PV power does not exceed the Load needed, the duty cycle is controlled to 
achieve maximum power using a simple Maximum Power Point Tracker (MPPT). 
The MPPT operates by assuming the DC link voltage is constant (or stable) therefore 
the current through the output inductor is directly proportional to the power being 
produced.  
 
The control algorithm searches for the maximum power by perturbing the duty cycle 
and observing the change in current. If the change in duty cycle produces an increase 
in power (current) the search will continue in the same direction (increasing or 
decreasing duty); otherwise, the control will reverse the duty cycle perturbation and 
check the change in power (current) again. The MPPT should find a settling point 
close to the knee of the curve in Figure 6.12 around the maximum power point, 
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Figure 6.12 – PV voltage current curves 
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Figure 6.13 – Hybrid system control scheme
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The MPPT has been tested and found to achieve at least 85% of the maximum power 
through a manual sweep of the duty cycle. This is subject to errors, because of the 
fluctuating nature of the solar radiation and the lack of equipment to measure it. The 
second mode of operation for the PV duty cycle is to ensure DC link stability when the 
majority of the power from the hybrid system is delivered by the PV (diesel engine low 
load). When this occurs, the system is no longer controlled to produce maximum power; 
instead, the duty cycle is controlled using two nested voltage and current PI control 
loops to maintain DC link voltage as shown in Figure 6.13. 
 
The emulated VSDG, contained within the boundary of the control system dashed lines 
in Figure 6.13, is controlled for power through motor torque (throttle angle) and 
generator current. The VSDG speed reference, ω_ref is determined through the sum of 
the power-proportional speed term and a proportional term of the DC link voltage error. 
A PI controller imposes the determined speed. The power-proportional speed term 
produces the majority of the speed reference term under normal operating conditions and 
is represented by the linear relationship shown below.   
 







     (6.2) 
The power required is calculated by the DC link voltage reference  
DrefDCREF IVP  _      (6.3) 
 
The scheme for the generator current control changes depending on the supercapacitors 
state of charge, which is just a measure of voltage (unlike in batteries) and is represented 
by the super capacitor ready subsystem box in Figure 6.13.   
 
If the supercapacitors are not ready to operate, then voltage control becomes the sole 
responsibility of the VSDG assuming high load and PV operating in MPPT mode. In this 
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state, the voltage control is operated by an external PI loop acting on the internal current 
PI loop of the diesel unit step up converter.  
If the Supercapacitors are ready to operate, then voltage control becomes the joint 
responsibility of the VSDG and Supercapacitors, again assuming high load and PV 
operating in MPPT mode. In this state, the voltage control would be operated by an 
external proportional gain acting on the internal current PI loop of the supercapacitors 
converter control. The current reference of the SC control, output of top proportional 
control in Figure 6.14,  is used as the input to the external PI loop (mainly integral) 
acting on the internal current PI loop of the diesel unit step up converter. 
  
The supercapacitor control model used and developed in Edinburgh was implemented 
during the second visit to Cassino. Alterations to the PM generator current control were 
made to slow down the response to a purely integral control, which allowed the 
supercapacitors to supply the initial fast current change.  
 
Changes were also made to the auto control of the supercapacitors at turn on. Previously, 
the switching on of the auto control caused a large discharge as the PM generator current 
control switched from normal PI control to solely integral control, which would start 
from zero. To alleviate this problem, the integrator was loaded with the present 
generator current control value upon switch on. This improved the system stability 
during switch over dramatically.  
 
6.1.2 Experimental Tests & Results 
 
Initially, the experiment was set up in steady state initially with the generator supplying 
a constant resistive load. The system was then subjected to a step load change and the 
responses are plotted. The Figures below show the DC link voltage (bottom plot) and 
current (1V/A) responses with and without batteries. The fast current response is that of 
the batteries and the slow current (top plot) is that of the generator.  
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Figure 6.14– VSDG load step response 
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Figure 6.16 – Zoomed in VSDG load step response 
 
 
Figure 6.17 - Zoomed in VSDG plus Batteries load step response 
 
It is clear the batteries reduced the voltage deviation and time for which it’s present and 
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The test above was then repeated, this time with the inclusion of PV power. Figures 6.18 
to 6.21 relate to a load step occurring when the PV MPPT is active: Fig. 6.18 and 
Fig.6.19 without battery, Figs. 6.20 and 6.21 with.  
The plots in the Figures are top to bottom: VSDG current, PV current, Battery current 
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Figure 6.21 – Zoomed in load step with MPPT PV operation and with batteries 
 
The presence of the PV power does not introduce any instability into the system. 
 
To assess the stability of the PV MPPT further, Figures 6.22 to 6.24 plot the response of 
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Figure 6.22 - PV MPPT steady state with batteries 
t = 20ms div, top to bottom: I VSDG, I PV, I bat, V dc 
 
 
Figure 6.23 - PV MPPT steady state with batteries 
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Figure 6.24 - PV MPPT steady state with batteries 
t = 1s div, top to bottom: I VSDG, I PV, I bat, V dc 
 
As can be seen, the system remains stable with no unnecessary oscillations occurring 
between the devices. 
 
To assess the search operation of the MPPT both with and without batteries, the PV 
MPPT is initially turned off, so no power is being supplied from the PV panels and the 
rest of the system (VSDG or VSDG plus Batteries) is placed in a steady state and the 
MPPT is initiated. Figures 6.25 and 6.26 show the PV MPPT searching for the optimum 
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Figure 6.25 - PV MPPT searching operation with batteries 
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The results of this test show the improved stability of the system with batteries and the 
quicker response of the MPPT 
 
During the second visit, the tests were conducted again, using 5 supercapacitor modules 
in place of the battery storage. Some of the tests were rerun to assess their performance 
and to compare these with batteries. 
The first test carried out was a step load response. Figure 6.27 shows the DC-link 
voltage, diesel generator and supercapacitor response to the step load change. All results 
are in true voltage and current readings.   
 
 
Figure 6.27 – VSDG with supercapacitor system step load response 
 
The system is shown to respond as expected to the DC link voltage drop caused by the 
step load change. The moment the load increase is detected the supercapacitor 
immediately injects a large amount of current into the system helping restore the DC 
link voltage. While the supercapacitor is meeting the additional load, the VSDG 
accelerates to its new operating set point while gradually increasing its current loading.  
DC-link Voltage Ch1 
VSDG current Ch3 
SC current Ch2 
20 second period 
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The VSDG overruns its power set point slightly (under-damped control) allowing the 
Supercapacitors to regain some of the lost energy ready for the next load change.    
 
The system was also tested for a reversal of the load step (load drop) previously applied 
and the response has been plotted below. 
 
 
Figure 6.28 - VSDG with Supercapacitor system load drop response 
 
The system was then tested for operation including PV to look for any instabilities or 
interactions that might occur between the different generators. The system initially had a 
load of 540 W with the VSDG supplying only 134W and the PV supplying the 
additional 450 W needed.  
DC-link Voltage Ch1 
VSDG current Ch3 
SC current Ch2 
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Figure 6.29 – ControlDesk Hybrid system setup before load step 
 
Figure 6.30 - ControlDesk Hybrid system setup after load step 
 
The load was then stepped up to 768 watts with the PV power remaining approximately 
the same and the diesel increasing by the required amount. Below in figure 6.31 is a plot 
of the hybrid system response to the load step. 
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Figure 6.31 – Hybrid (VSDG-PV-SC) system load step response 
 
As can be seen, the system reacts in the same way as before, and the PV power shows no 
drastic alterations. The experiment was then reversed, with the additional load being 
dropped. The hybrid system maintains DC-link stability and each of the components 
responded as expected.   
DC-link Voltage Ch1 
VSDG current Ch3 
SC current Ch2 
20 second period 
PV current Ch4 
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Figure 6.32 - Hybrid (VSDG-PV-SC) system load drop response 
 
To assess the hybrid systems ability to provide stable operation under intermittent 
renewable generation, the solar readiation incident on the PV array was manually 
shaded, thus emulating cloud cover. The resistive load was kept constant throughout this 
test. 
 
DC-link Voltage Ch1 
VSDG current Ch3 
SC current Ch2 
PV current Ch4 
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iPV (HIGH VOLTAGE SIDE)  1A/div
vPV  (HIGH VOLTAGE SIDE) 50V/div
vDC  20V/div
iDG (LOW VOLTAGE SIDE)  1A/div
All ch. Zero
 
Figure 6.33 – Hybrid system response to PV shading 
 
The Figure above shows the response of the VSDG current, DC-link voltage and PV 
voltage and current during this test. The VSDG current varies to meet the changes in 
load share, as the PV power fluctuates. Although not shown in the plot, the super 
capacitors are working to help maintain DC link voltage, which they can be seen to do 
effectively.  
 
6.2 Testing at the University of Edinburgh  
 
Initially, the power electronic and measurement equipment used in Italy had been 
transported to Edinburgh for use with the electrical machines and dSPACE available in 
the university power laboratory. After additional funding was attained, a set of power 
electronic and measurement equipment has been designed and built in Edinburgh, which 
will be presented in Chapter 7. 
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6.2.1 Components & testing arrangement 
 
The layout of the full system used in Edinburgh and details of the power electronics are 
shown in Figure 6.34. A higher DC link voltage of 200V was chosen for this system due 
to the higher output voltage of the generators. All generation is primarily current 
controlled through PI controllers with the DC-link voltage being preserved through the 
controlled currents.  
 
Figure 6.34– Edinburgh hybrid system layout 
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The VSDG has been emulated using a DC motor controlled by a thyristor converter to 
represent a diesel engine and an AC field wound Synchronous instead of permanent 
magnet generator. The simulated VSDG has to be controlled to work in unison with the 
Supercapacitors to maintain the DC-link voltage and hence system power balance. A 
MATLAB Simulink control system was developed for the hybrid system with particular 
attention required for the DC motor and AC generator control. In the previous test rig in 
Italy, the simulated diesel engine, then a SIMODRIVE PMM, was largely treated as a 
black box with a torque demand input. The input current to the DC motor has been 
controlled to achieve the required RPM through control of the thyristor gated AC/DC 
converter. As a diesel engine produces Torque as its primary output, the DC motor 
current input is converted to the torque equivalent using the relationship 
 
IKT T     (6.4)  
 
















    (6.6) 
 
The DC motor torque is limited in two ways; firstly, by using a cut-out switch when the 
current exceeds 12A and secondly, through the rpm torque limitation scheme for the 
chosen engine using a dynamic saturation block.    
 
The AC synchronous generator has a current limitation of 6A placed on it to help avoid 
saturation.  
 
The RPM speed reference has a linear relationship with the required VSDG power with 
a minimum set speed of 200 rpm and voltage error input. The actual RPM measurement 
is tapped from a laboratory rpm display box and reads the raw frequency pulse data.  
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The Supercapacitor system is current controlled under normal operating conditions using 
a PI controller with an absolute current cut-off loop. The single PI controller controls 
two IGBT switches, one for charging (step-down) and one for discharging (step-up). The 
sign of the Supercapacitor reference current determines which switch is allowed to 
operate. The Supercapacitor system disables charging above/discharging below set 
voltage levels.  
The Supercapacitor control box directs the initial current demand change to the 
Supercapacitors and then slowly feeds the current demand to the AC generator through a 
purely integral control. In this way, the supercapacitors only supply power when 
absolutely needed during the initial transient. 
 
The VSDG and supercapacitor system uses 4 current measurements, 3 voltage 
measurements and an RPM reading in the control and monitoring of the system. The 
current and voltage measurement positions in the hybrid system are illustrated below in 
Figure 6.35. There are 7 nested PI control loops, although not all of them work at the 
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Figure 6.36 – Experimental Setup picture 
  
Figure 6.37 - Switches and Supercapacitors picture 
 







IGBT Drivers & Switches 
Supercapacitors 
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The supercapacitor system includes up to five 15V 58F Maxwell Supercapacitor module 
in series (75V 11.6F), although it was found to run adequately on only three.  
 
 
Figure 6.38 – Wind Turbine Simulator setup picture 
 
The wind turbine rotor-wind speed interface is simulated through an inverter (7.5kW 
IGBT) driven induction motor mechanically connected to the PM generator (Swift 
1.5kW wind turbine).  The effective wind input is changed by means of frequency 
control of the inverter. The output of the PM generator is then rectified to DC and 
boosted up to the DC link voltage. 
 
The PV has been replicated through a fixed voltage DC source and variable resistor. Due 
to a lack of a proper PV simulator (or time and resources to make one) the MPPT has 
not been implemented in Edinburgh due to the different operating method of the power 
source. The power source is manually varied through the variable resistor, which 
changes the share of the power supplied. The power source can therefore be controlled 
to act like PV as an uncontrolled generation source, which is needed in the assessment of 
the hybrid systems stability (VSDG-SC).  
PM generator Induction 
machine 
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6.2.2 Experimental Test & Results 
 
To assess the performance of the hybrid system, it was subjected to a number of tests 
both with and without the addition of the supercapacitor energy system.  
In Test 1, the power was divided as follows: DC load 580W, VSDG power 270W, PV 
power 80W and Wind Turbine power 230W.  The large proportion of wind power is 
then dropped adding an extra 230W of load to the VSDG. Figure 6.39 illustrates the 
potential improvement of the hybrid system DC link stability with the supercapacitor 
energy system. The dc link voltage drop without supercapacitors is much deeper and 
more prolonged than with the Supercapacitors and therefore far more pronounced and 
potentially detrimental to power quality/grid stability. 
 
Figure 6.39 - DC link stability for wind drop 
(Measurements with the prefix SC are results for the system with supercapacitors) 
 
The shortfall in power from the hybrid system without the Supercapacitors causes the 
voltage to drop to 182V and it takes over 2 seconds for the voltage to recover.  If the 
system was connected to a three-phase load through an inverter, the voltage drop (power 
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In Figure 6.40 the balance of power from the VSDG and the Supercapacitors during the 
wind power drop can be examined.  
 
Figure 6.40 - VSDG and SC response to wind drop 
 
The difference between the two schemes is clear, to see with the supercapacitor current 
(and hence power) shooting up in accordance with the control scheme described earlier 
to instantly meet the new power balance. The delay in current take up by the VSDG with 
the supercapacitor system is also noticeable and confirms the system is operating as 
expected. 
Fig 6.41 looks at the wind power drop during the test, as the current falls sharply from 4 
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Figure 6.41 - Wind turbine and PV outputs during wind drop 
 
There is also a momentary increase in the measured PV current during transition that can 
be attributed to the reduction in DC link voltage causing the power drawn from the 
emulated PV to increase. 
Test 2 involved a step load being applied while the PV and wind power remained 
constant. The division of power for this test is as follows: DC load 330W, VSDG power 
220W, PV power 60W and Wind Turbine power 60W. The DC load was then stepped 
up to 540W and the resulting DC link response is shown in Fig 6.42. Again, the 
superiority of the hybrid system with the Supercapacitors is clear with only a negligible 
voltage drop. The response of DC-link current differs from that observed in Figure 6.39, 
as an increase in current is needed. It can be seen that the hybrid system without the 
supercapacitor energy storage initially reacts well meeting the new operating current. 
This can be attributed to the extra available VSDG current and stored power taken from 
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Figure 6.42 - DC link stability for load step 
 
Once the VSDG current reaches the current limit (used to help prevent engine stall and 
generator saturation) the system is in the situation where the diesel engine needs to 
accelerate to the new power set point, but because the engine is highly loaded, it 
struggles to do this and therefore the DC link voltage and current drops. Figure 6.43 
shows a similar operation of the VSDG and supercapacitor to the wind drop test and 
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Figure 6.43 -VSDG and SC response to load step 
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Figure 6.44 again illustrates that the PV and wind turbine currents increase with the DC 
link voltage drop, but the rest of the time their power remains steady and system stability 
is not affected.    
 
Test 3 DC – AC power conversion 
Due to extra funding for some additional work on the variable speed hybrid system 
concept an inverter and extra measurement devices have been built. The inverter has 
been loaded by three individual star connected resistive loads and power has been 
supplied to the inverter by the emulated VSDG.  
 
 
Figure 6.45 -dSPACE ControlDesk VSDG fed inverter 
 
 
Figure 6.46 -Automatic inverter control (Duty cycle to maintain constant voltage output) 
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A sine wave generator creates the base signal for the individual phase dSPACE PWM 
input. This is then modified to achieve the required voltage output level by increasing or 
decreasing the gain (D - Duty modulation in Figure 6.46) of the sine wave. The 
difference between the average RMS voltage measurement of the three phases and the 
reference RMS voltage is used as the error input to the sine wave gain control (Duty 
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Below are the 3-phase voltage and current outputs from the inverter during steady state 
testing. 
 
Figure 6.48 – 3 phase voltage output 
 
 
Figure 6.49 – 3 phase current output 
 
Even at these low voltage and power settings, the harmonics in the outputs are quite 
small (4%-5%). The filtering of the inverter output has been carried out using the 
available inductors and capacitors in the Edinburgh University power laboratory. Below 
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Figure 6.50 – IGBT switch test Simulink model 
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6.3 Summary 
 
This chapter has looked at the low power experimentation performed at the University of 
Cassino, Italy and the University of Edinburgh, UK. Experiments have been carried out 
in order to verify the control strategies and models previously created and tested in 
Matlab Simulink.  
 
The different experimental setups are described and the equipment used is specified and 
schematics of the system layout have been detailed. The performance of the system is 
assessed and some of the problems encountered and their solutions are discussed. 
 
Fine-tuning of the control strategies has been carried out to provide better control and 
overcome practical problems encountered. The PV Maximum Power Point Tracking 
(MPPT) control has been detailed and the operation demonstrated and shown to work 
satisfactorily.   
 
The need for the addition of a power boost component to help stabilise the hybrid power 
system during heavy load transients and renewable power fluctuations has been shown. 
The improved stability of the VSDG with the Supercapacitor power boost system has 
been demonstrated both under load steps and with renewable power fluctuations.  
 
A three-phase inverter has also been constructed and tested using the emulated VSDG as 
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7 High Power Experimentation 
 
Due to the donation of a Variable Speed Integrated Genset (VSIG) from Cummins 
Generator Technologies and the availability of prototype direct drive 20kW permanent 
magnet (PM) generator and test rig at the University of Edinburgh, high power 
experimentation has been carried out.  
 
7.1 Components & Setup 
 
The high power hybrid test rig layout is show below in Figure 7.1. The main 
components are the 15kW VSIG, 20kW PM generator, supercapacitor load levelling, 



















Figure 7.1 - High Power Hybrid Test rig Layout 
 























400 V DC output  
Simulated Wind Turbine 
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The wind turbine, Supercapacitors, inverter and DC/DC converters are all controlled 
through dSPACE. The VSIG, Figure 7.2, has its own control module that tries to 
maintain a constant 400 volts DC output which is connected directly to the DC-link.  
 
Figure 7.2– Variable Speed Integrated Genset (VSIG) 
 
The low speed direct drive PM wind turbine generator is driven through a gearbox by an 
inverter controlled induction machine, Figure 7.3. A wind speed input is converted in 
Simulink through a wind turbine rotor model. The generator’s equations of motion and 
the wind turbine control are used to produce the modelled generator rotational speed. 
This speed signal is sent from the dSPACE board to the inverter, which produces a 
variable frequency to power the induction motor at the correct speed for the wind input. 
The induction motor is connected to the 20kW PM generator via a step down gearbox. 
Power is then taken from the wind turbine generator and rectified in the connections box 
shown in Figure 7.3, before being connected to the power electronic box in the Figure 
7.4. Here the voltage will be stepped up to that of the DC-link, 400V. The connection 
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Figure 7.3 – PM wind turbine generator test rig 
 
As well as receiving and converting power from the wind turbine simulator, the power 
electronic box in Figure 7.4 also houses the supercapacitors. The supercapacitors are 
connected to the DC-link through a step up/down converter. Also contained within the 
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Figure 7.4 – Supercapacitors and DC/DC power electronic converter box 
 
The inverter box in Figure 7.5 has a direct connection to the power electronic box (Fig 
7.4) through the DC-link. This feeds the inverter IGBT switches, three dual-IGBT 
modules, which convert the DC power into AC. The raw AC power is then filtered 
through a basic capacitor and inductor arrangement before being passed to the AC 
output connector. The box also contains three current transducers and their signal 
processing circuit board.  
The AC output is then connected to a 3-phase resistive load bank, which allows step 
changes in the load to be applied.  
The voltage measurement is taken care of by the same measurement boxes used in the 
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Figure 7.5 – Inverter power electronic box 
 
 
7.2 Experimental Test & Results 
 
Due to the limited time available and delays in the test rig setup, only some initial test 
runs have been carried out. These involved running the wind turbine up to speed and 
connecting the VSIG up to the power electronic boxes.  
The wind turbine power was fed through the power electronic boxes to the three phase 
load for a number of different loads. The graph in Figure 7.6 below is taken from the 
oscilloscope capture of the wind turbine supplying a 2kW load. The readings of all 3 
voltages and a single current measurement have been taken. It can be seen that the 
voltages are balanced and the harmonic content is low (3%-4%) even at the low power 
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Figure 7.6– 2 kW wind turbine 
Chapter 7  High Power Experimentation 
 164   
   
 
 
The speed of the wind turbine generator was then increased, but one of the IGBT driver 
modules would cut out at higher voltages and produced a short circuit error even though 
this should not be possible with the control signal input and gate driver control.  
The VSIG has yet to be fully tested, as this gives a constant 400 Volt output which 





The high power test rig has been setup and some brief initial functionality tests carried 
out. This demonstrated that at low voltage levels the inverter operated correctly but 
problems occurred at high voltages. It is expected that some elements of the IGBT gate 
driver may need to be changed in order to facilitate the correct operation of the inverter.  
It is also expected that an increase in the number of supercapacitors would be beneficial 
to the stability of the hybrid system operation.  
Further tests to be carried out include: 
 Steady-state load test of the complete hybrid system.  
 Constant load under varying wind speeds. 
 A varying load test with constant wind power input 
 Assess the hybrid systems ability to maintain power quality under load or wind 
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8 Conclusion & Future Work 
 
This thesis looks into the possibility of reducing the cost of electricity for off grid 
communities that currently rely on diesel gensets by integrating a VSDG into a 
renewable hybrid power system. A brief summary of each chapter in the thesis and the 




Each chapter in this thesis has been provided to support the use of variable speed diesel 
generators in an integrated hybrid system to help reduce fuel use and the overall cost of 
electricity.  
 
Chapter 2 establishes the history of and uses for diesel generators and explains the 
problems with conventional constant speed diesel generators of low part-load efficiency 
and minimum loading. It than goes on to explain how variable speed operation of the 
diesel generator overcomes these problems and the possibilities this brings in terms of 
fuel savings. Some potential disadvantages of variable speed operation compared to 
constant speed are also discussed. 
 
In Chapter 3, the idea of hybrid power systems containing renewable generation is 
introduced and examples of current systems in operation are reviewed. The different 
generation and energy storage options currently available are discussed and a case study 
of the hybrid power system on Foula, a small Scottish Island, is detailed.  
 
The initial feasibility of the variable speed diesel generator both as a standalone unit and 
as part of a hybrid power system supplying a small community have been modelled in 
Chapter 4. Substantial fuel savings have been calculated allowing confidence in the 
Chapter 8  Conclusion & Future Work 
 166   
   
continuation of the research due to the potential of the idea to provide cheap electricity 
to the chosen communities. After more research and simulation had been undertaken, a 
better understanding of the costs, operation and components necessary for the proposed 
variable speed hybrid system has been gained. This allowed a more comprehensive 
lifetime economic feasibility model of the system to be simulated, which showed a 
significant reduction in the cost of electricity for the chosen community. It also showed a 
reduction in the cost of electricity over many sensitivity combinations, with only the 
more extreme sensitivity combinations such as high load factor and low wind speed, 
resulting in more expensive electricity for VSDG systems. The VSDG hybrid system 
would not have been designed for these extremes, and therefore would not have been 
considered. 
 
In Chapter 5, modelling of the system has been undertaken to investigate the operation 
of the VSDG in a hybrid system and to develop a control strategy. In the sub-transient 
model, no unwanted interactions occurred in the system and the control of power 
conversion for different generation through the inverter has been successfully simulated. 
In the power system dynamic model, the reduced performance of the VSDG, compared 
with constant speed operation, in maintaining stability under large load transients has 
been exposed. This led to the addition of a load level component, supercapacitors, in the 
variable speed hybrid power system. In order to assess more accurately possible real life 
fuel savings of the variable speed hybrid power system, actual renewable resources, 
along with a more detailed community load model, have been included into the power 
balance model. Over a 14 day simulation period, the resulting fuel savings for the fully 
variable speed hybrid system compared with the constant speed diesel generator with 
32% minimum loading hybrid system has been calculated at 43%. 
 
To help verify and further refine the hybrid system control strategy and uncover any 
unaccounted for real life interactions low, power experimentation has been carried out 
and is documented in Chapter 6. The test results show the correct operation and 
improved stability of the VSDG and Supercapacitor system to load steps and renewable 
generation fluctuations.  
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8.2.1 Contribution to Knowledge 
 
In this research, a new hybrid system generator combination and integrated design has 
been investigated. This comprises of a VSDG integrated into a common DC-link 
renewable hybrid power system with central control of all components.  
 
A control scheme for the fully integrated variable speed renewable hybrid power system 
has been designed and verified both through simulations and experimentation. This has, 
therefore, demonstrated that it is possible to successfully control different generators as 
desired (optimum, MPPT, etc) through DC/DC converters connected to a common DC-
link. This allows a single inverter to be used, therefore negating the need for one inverter 
for each generator and thus reducing the cost of the complete hybrid system. Using a 
single inverter to supply a stand-alone grid also simplifies inverter control, as no grid 
synchronisation is needed. Therefore, no synchronisation timing is needed for the 
connection of the generators. Another benefit is that there can be no inverter-inverter 
interactions.  
 
During computer simulations, the reduced transient performance of the VSDG compared 
with constant speed operation has been highlighted under load step charge or renewable 
generation output fluctuation. The need for a load levelling component to aid the VSDG 
under heavy load transients, which occur more often in renewable hybrid power 
systems, was apparent. After looking at all the possible load levelling components, 
supercapacitors have been chosen as the ideal device, because of their high power, 
reliability and ease of installation and use.  
The effect of Supercapacitors on the stability of the system has been shown to be highly 
beneficial in maintaining DC-link voltage. This work suggests that the novel hybrid 
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power system will have reduced fuel consumption and overall lifetime costs compared 
to a conventional fixed speed wind-diesel hybrid system. Economic feasibility of any 
hybrid system can be quickly found given accurate renewable resource and load input 
data using HOMER. 
 
In summary, the work in this thesis has contributed to knowledge of VSDG stability 
improvements and VSDG operation in a hybrid system in a number of ways. The 
potential problems of limited load step response when running VSDG at the most fuel 
efficient operating point has been demonstrated. A Supercapacitor load levelling system 
has been developed to work in harmony with the VSDG and hybrid system, as a solution 
to this problem. This has been shown to be more economical than compromising the 
optimal efficiency variable speed operation of the VSDG. It has also been shown that it 
is possible to fully integrate and control multiple generators connected to a communal 
DC-link. 
 
Simulation of the resulting fully integrated variable speed hybrid system has been shown 
to reduce the cost of energy from 19.1p/kWh to 14.5p/kWh (Table 9) over the complete 
system lifetime, compared with a constant speed diesel in a hybrid system. Fuel 
consumption is reduced by 19-50% in the hybrid systems simulated in chapter 4 and 5. 
This gives a reduction in the energy CO2 factor from 0.725 kg/kWh to 0.483kg/kWh 
(Table 10) which compares favourably with the UK delivered to site national grid 
average of 0.537kg/kWh.  
 
 
8.2.2 Future Work 
 
More extensive testing of the high power system should be carried out at the University 
of Edinburgh. The VSIG control could be altered to work in harmony with the 
supercapacitors, as demonstrated in the low power experimentation, instead of being a 
standalone unit, but this would require more collaboration with Cummins.  
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In the experiments, the wind turbine has been emulated and therefore is not completely 
accurate, especially in terms of the Maximum Power Point Tracking (MPPT). The 
testing of a prototype system with a real wind turbine input and DC/DC converter 
control would further validate the hybrid system control strategy.  
 
There are wind turbines currently available that are capable of shedding power through 
controlled pitching of the rotor blades, so as to extract less power from the wind. They 
have been designed specifically for wind-diesel hybrid systems [30]. Implementing one 
of these wind turbines would allow long term energy storage to be omitted. 
 
Ultimately, the commissioning of a long-term demonstrator project in an actual 
community would need to be carried out to assess real life impacts of the system both in 
terms of fuel savings and reliability.   
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Eurosolare data sheet 
 
PL 800 PolyCrystalline Si solar panel by Eurosolare  
 
manufacturer Eurosolare  
nominal efficiency   10.6 %  
nominal power rating   72 Watt  
max voltage   600 Volt  
 
Electrical characteristics during Standard Test Conditions (STC)  
 
voltage at OC 21.2 Volt 
current at SC 4.5 Amp    
voltage at MPP 17.2 Volt  
current at MPP 4.2 Amp    
δV/C° -77 mVolt/C°  
δI/C° 1.2 mAmp/C°    
tolerance +ve 7 % tolerance -ve 7 %    
 
Electrical characteristics during load conditions (25 C°, 300 W/m²)  
 
voltage at OC 18.429 Volt  
current at SC 1.35 Amp    
voltage at MPP 15.699 Volt  
current at MPP 1.26 Amp    
 
Material characteristics  
 
incidence coefficient (θ) 95 %  
specific heat capacity 920 J/kg/°C    
absorption coefficient (α) 70 %  
emission coefficient (ε) 85 %    
 
Mechanical characteristics  
 
length 1215 mm width 555 mm   thickness ? mm weight 8.5 kg   
 
